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 Warming of both the high latitudes and tropical sea surface temperatures are 
present in modern observations and projected under future climate change scenarios. 
These conditions were also present in the Warm Pliocene (3.3 – 3.0 million years ago), a 
paleoclimatic interval that bares resemblance to future global warming. This dissertation 
investigates the impact of both tropical and high latitude warming on regional 
atmospheric circulation using GISS global climate model simulations of the Pliocene and 
sensitivity tests. Chapter 1 discusses the initial approach used to investigate how a 
warmer climate impacts regional atmospheric circulation. A general circulation model 
(GCM) was utilized to assess the contribution from both high latitude and tropical 
warming to regional Pliocene climatic patterns. It was found that both a warming of the 
high latitudes and Indo-Pacific tropical region are needed to reproduce the regional 
Pliocene climates indicated by terrestrial paleo-proxy data. These results suggest that the 
tropical atmospheric circulation of the Indo-Pacific region during the warm Pliocene may 
have been different from modern mean conditions. These findings are corroborated by 
Pliocene paleo-data, a luxury not afforded by future climate projections, and provide 
insight into possible regional atmospheric circulation processes in a future warmer 
climate.  
 Chapter 2 (Shukla et al., 2011) investigates how exactly the Indo-Pacific 
circulation and global teleconnections differed from modern day conditions. GCM 
generated teleconnections from the Indo-Pacific region were examined from origin to 
their impact on the extra-tropics under warm Pliocene conditions. The exact forcing 
source was not assumed a-priori, and it was found that while warmer SSTs in the eastern 
tropical Pacific generated weak El Niño-like teleconnections to North America, their 
effects over the Indian Ocean region were attenuated, primarily by the warmer SSTs 
there. Teleconnections to the extra-tropics were largely blocked from the Indian Ocean 
region, and most of the energy generated by the SST patterns went into maintaining an 
anomalous atmospheric overturning circulation. This altered background circulation of 
the Indian Ocean region can impact the South Asian Summer Monsoon (SASM) system. 
In these simulations, the dynamic monsoon intensity experienced the greatest decrease 
with tropical warming alone. Lesser SASM weakening occurred when both tropical and 
high latitude warming were imposed.  
 Given the potential Indo-Pacific SSTs changes under Pliocene and warm climate 
conditions, Chapters 3 and 4 focus on the implications these changes have for the South 
Asian Summer Monsoon circulation. Chapter 3 examines the GISS suite of GCMs’ 
ability to reproduce the major features of the South Asian Summer Monsoon (SASM) 
system. The GISS Model E (atmosphere only), Middle Atmospheres Model 3 
(atmosphere only) and the ocean-atmosphere coupled Model E were run using forcings 
from 1960-2008. Major indices and features of the SASM were evaluated and compared 
to NCEP/NCAR and ECMWF reanalysis data. It was found that the atmosphere-only 
Model E better simulated, both in magnitude and variability, the circulatory (wind, 
vorticity, etc.) components of the SASM, whereas the coupled ModelE better simulated 
the magnitude of rainfall over the Indian sub-continent. Chapter 3 highlighted the SASM 
features in the models that need improvement, specifically in the overproduction of 
rainfall and the underestimation of windspeeds. Given the relatively accurately modelE 
simulated SASM intensity variability, and acknowledging its underestimation of wind 
strength, continuing modelE studies of the SASM will focus on large-scale circulation 
processes, rather than the rainfall distribution and variability. 
 Chapter 4 compares SASM changes under both Pliocene conditions and future 
climate projections, the latter dictated by the Representative Concentration Pathways 
(RCPs). A tropical SST forcing, in the form of warmer western tropical Indian Ocean and 
eastern tropical Pacific Ocean SSTs, was additionally tested in isolation from globally 
warmer conditions. It was found that the SASM weakens under globally warmer 
conditions, but the greatest weakening occurred under tropical forcing alone. This 
suggests the importance of the relative regional temperature gradients of the Indian 
Ocean region. Although both simulations served to weaken the SASM system, the 
regional climatic patterns differed between Pliocene and future simulations and warrant 
further investigation. Future studies must focus on obtaining more data from the Indian 
Ocean region for the Pliocene period in order to corroborate modeled climate processes 
in that region. In addition, more assessments must be done to understand difference 
between climate processes in future projections and past warm climate intervals as this 
will aid in model development and our understanding of the climate’s response and 
sensitivity. 
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INTRODUCTION 
Understanding the response of Earth’s climate processes and atmospheric circulation to 
globally warmer conditions is important for people of all regions. It is especially so for those 
living in the densely populated Indian Ocean region, where peoples’ livelihoods are inherently 
tied to the large scale South Asian Summer Monsoon circulation and the freshwater it 
provides. The South Asian Summer Monsoon itself is fully dependent on the strength of the 
regional temperature gradients, which stand to be altered under globally warming conditions. 
However, projections of climatic warming are often limited by a lack of understanding of the 
non-linearities of the climate system, the complexity and uncertainty in various 
forcing/feedbacks and the inability to corroborate the results of future climate simulations.  
 
The Relevance of the Pliocene Warm Period 
Many studies have focused on the use of historic and paleoclimatic intervals to shed light 
on those processes that contribute to future climatic changes (Jansen et al., 2007, and 
references therein). Both cold and warm intervals have been studied to assess general climate 
sensitivity and impacts to large-scale atmospheric circulation. For example, oxygen isotopes 
have been used to assess the changes in sea level that occur between the more recent glacial-to-
interglacial fluctuations. Tropical corals have been studied to understand changes in ocean 
temperatures associated with various Pacific Ocean climate oscillations, such as El Niño. The 
Pliocene Warm Period (3.3 – 3.0 Ma) has also piqued large interest in its sustained warming 
and regional climate patterns. The Pliocene is the most recent warm interval in which climatic 
forcings, continental geography, solar luminosity, and atmospheric carbon dioxide 
concentrations were similar to modern conditions  (e.g., Raymo et al., 1996; Dowsett et al., 
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1999). However, warmer sea surface temperatures (SSTs) and a substantial lack of land ice 
characterized the higher latitudes and a global surface temperature increase of ~ 2 - 3˚C has 
been estimated (e.g., Jansen and Sjoholm, 1991; Chandler et al., 1994; Sloan et al., 1996; 
Haywood et al., 2000; Haywood and Valdes, 2004). Due to the similarity of Pliocene and 
modern boundary conditions, the Pliocene appears to represent an equilibrated globally warmer 
condition that could potentially occur in the future. For this reason the many studies during the 
past 20 years have investigated the Pliocene to understand the impact of future climate change 
on regional climates (Dowsett and Poore, 1991; Crowley, 1991; Dowsett et al., 1992;  
Chandler et al., 1994; Sloan et al., 1996; Haywood and Valdes, 2004; Fedorov et al., 2006; 
Ravelo et al., 2006; Shukla et al. 2009;). Additionally, the Pliocene period provides us with a 
host of terrestrial paleo-proxy data with which we may corroborate our model simulations – a 
luxury not afforded to us by future climate projections.  
 
Perspective from the Pliocene: Climate Warming and the Indo-Pacific Region 
 Studies have also suggested that the tropical SSTs of the Pliocene were different from 
modern day – specifically in that the SST gradient across the tropical Pacific Ocean was 
decreased in a “permanent El Niño” (or El Padre) state (Ravelo et al., 2006). This condition also 
appears in future climate projections from the Fourth Assessment Report (AR4) by the IPCC, 
which show a tendency for El Padre conditions to occur among many climate models under 
warmer climatic conditions (Ihara et al., 2009). If an El Padre SST pattern is characteristic of 
warmer climates then the surrounding regions may undergo significant changes to their mean 
climatic states, perhaps leading to moisture-transport regime changes. For example, a modern El 
Niño can severely impact the large-scale atmospheric circulation between the Indo-Pacific 
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basins, causing widespread subsidence over the Indian Ocean region and extensive drying over 
major summertime rainfall epicenters, sending crop production and water availability into 
turmoil (Krishna Kumar et al., 2004). Additionally, Shukla et al. (2009) has suggested that the 
tropical Indian Ocean temperatures were also altered during the Pliocene, and displayed more 
IOD-like conditions, where SSTs in the western portion of the basin are warmer than those in the 
east. Recent studies suggest that current trends of equatorial Indian Ocean SSTs are already 
tending to this state, in that the tropical Indian Ocean basin has recently displayed slight changes 
toward a more IOD-like state (Abram et al., 2008).  
A combined El Padre and IOD-like warming could have profound implications for the 
Indo-Pacific climates – particularly with respect to the large-scale circulation associated with the 
South Asian Summer Monsoon, a dominant seasonal forcing on tropical circulation. El Niño 
events (and an El Padre) have the tendency to attenuate the circulation associated with the South 
Asian Summer Monsoon, while IOD events have the effect of enhancing monsoonal rainfall. 
Both can produce extensive drying over Indonesia. If the Pliocene period also displayed El Padre 
SST patterns and western Indian Ocean warming, this suggests that warmer climate are 
characterized by substantial climatic changes over the Indian Ocean domain. These changes 
could alter major circulation patterns and the South Asian Summer Monson (SASM). Given the 
current climatic tendencies and future projections of Indo-Pacific SSTs, understanding how these 
SST features interact with each other under globally warmer conditions is pivotal to the 
populations of the region. Examining the atmospheric and oceanic circulation processes 
associated with the Pliocene El Padre/IOD-like state, using both climate models and paleo-proxy 
data, should provide valuable insight into the impacts of future warming on the greater Indian 
Ocean atmospheric circulation.  
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 Using Pliocene and Future Simulations to Understand Climate Processes 
 As explored in the last IPCC assessment report, there is no perfect analog among 
paleoclimatic intervals for future warming (Jansen et al., 2007). Indeed, there are many 
differences between the Pliocene Warm Period and the transient climatic changes of the next 
century. The exact climate sensitivity of the Pliocene is not fully quantified yet, and proxy data 
show low carbon dioxide concentrations relative to the levels of temperature increase at high 
latitudes and compared to future projections of CO2 increase. Pliocene tropical sensitivity is also 
in question, as newly acquired data sets do not completely corroborate previously acquired 
proxies (Ravelo et al, 2006; Shukla et al., 2009; Dowsett et al., 2010). Furthermore, the Pliocene 
has a substantial lack of high latitude land ice, which general circulation models still have trouble 
reproducing as of yet (short of removing the ice sheets, utilizing dynamic ice in models is still in 
its infancy). Lastly, the Pliocene Warm Period, over its 300,000-year timescale, represents an 
equilibrated climate system. Future projections are on the order of 30 – 100 years, very much a 
transient climate situation in which the relative feedbacks and feedback timescales are yet 
unknown and not accounted for in Pliocene simulations. 
 One advantage the Pliocene period affords climate model users is the availability of both 
terrestrial and oceanic paleoclimatic data sets – even proxy indicators of surface temperatures 
and moisture. These data sets can be compared to model simulations, allowing model users to 
“check” their understanding of both regional and global climatic processes. Likewise, robust 
model results of particular Pliocene climate attributes can aid in identifying regions for which 
more data is needed. Such comparative studies utilize the full arsenal of climate system analysis 
methods, and are needed to holistically investigate the full sensitivity range of Earth’s climate. 
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Without such comparative analyses, the accuracy of future projections and warm-climate 
mechanisms would be even harder to assess. Additionally, if most models’ future warm-climate 
projections differ in robust ways from Pliocene climate patterns, say for example in the pattern of 
tropical Indian Ocean SSTs, this would suggest many avenues for future research on the specific 
mechanisms that impact these patterns and how these differ between equilibrated and transient 
climate conditions. 
Schmidt [2010] suggests that when evaluating the Pliocene for its climatic processes, 
special emphasis should be placed on changes in hydrology, apparent reduction in ENSO 
variability, and the skill of models in replicating the Arctic Ocean conditions. This dissertation 
will also show the need to understand the tropical sea surface temperature patterns of the 
Pliocene and how they evolved, specifically those of the Indo-Pacific region, which influence 
both regional and global climate variability. These investigations must be supplemented as much 
as possible by more terrestrial and oceanic paleo-proxy data, particularly from the Indian Ocean 




 The objective of this dissertation is to determine how El Padre and IOD-like SST patterns 
impact atmospheric circulation and teleconnections under globally warmer climate conditions. 
Specifically, this dissertation will examine the impact of these SST features under the globally 
warmer conditions of both the Pliocene period and future climate projections, given their 
similarities and utility of their comparison.  As Indo-Pacific SSTs heavily influence the 
atmospheric teleconnections and circulation of the Indian Ocean region, special attention will be 
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paid to the impacts of the warm-climate El Padre/IOD-like SSTs on the South Asian Summer 
Monsoon (SASM). This dissertation will assess if and how these SSTs, in combination with 
Pliocene and future globally warmer conditions, weaken the SASM circulation.  
Chapter 1 uses the GISS ModelE GCM to examine the atmospheric circulation effects 
that result from imposing El Padre and IOD-like SST anomalies in Pliocene (and modern) 
simulations. Special attention is paid to the Indo-Pacific and North American regions for which 
Plioene proxy-data is available for corroboration. Chapter 2 assesses how atmospheric 
teleconnections from El Padre/IOD SST patterns are generated and propagate over the Indo-
Pacific region to create the regional climate signals of the Pliocene period, as these signals may 
be representative of future regional climatic changes as well.  Chapter 3 evaluates the propensity 
of the GISS General Circulation Models (Model 3 and Model E) to reproduce the modern Indian 
Ocean atmospheric circulation and the SASM. Deficiencies in the models will be highlighted and 
the model results will be evaluated with consideration of these deficiencies. Finally, Chapter 4 
examines the impacts to the SASM circulation resulting from El Padre/IOD-like SSTs under the 
warm climate conditions of the Pliocene period and future projections (given by the 
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Chapters 1 and 2 highlight an interesting response of the Indian Ocean general 
atmospheric circulation (and precipitation distribution) to permanent IOD/El Padre conditions: 
the East African coast and the Indian peninsula appear to be less influenced by El Padre sea 
surface temperature (SST) conditions during the Pliocene than it does today during an El Niño. 
Normal-to-increased rainfall relative to today occurrs over both East Africa and the Indian 
subcontinent, and furthermore, the South Asian Summer Monsoon (SASM) intensity operates at 
nearly modern modeled intensity. Chapter 2 also highlights the tendency for strengthened zonal 
overturning circulation due to permanent IOD SST conditions, and energy transfer from the 
tropical Indian Ocean to higher latitudes is limited (Shukla et al., 2011).  
Given contrasting future projections by climate models that the SASM intensity will 
decrease despite increases in extreme rainfall events (Christensen et al., 2007), it becomes 
necessary to evaluate why the previous results in this study suggest near modern monsoonal 
circulation. This problem is further complicated by the potential restructuring of general Indian 
Ocean atmospheric circulation due to altered Indo-Pacific SSTs and general global climate 
change.  
In studying future impacts to the SASM as projected by the GISS suite of climate models, it 
is necessary to first evaluate how well the GISS models reproduce the general atmospheric 
circulation of the Indian Ocean, the SASM, and nature of the model biases. Chapter 3 
compares the GISS modelE, the Middle Atmospheres Model 3, and the atmosphere-ocean 
coupled modelE to various observed data products to yield a holistic analysis of the GCMs’ 
produced monsoon. The objective is to determine which of the metrics used here to evaluate the 
monsoon, and the general Indian Ocean atmospheric circulation, is the most reliable for 
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understanding future projections in various climate change scenarios. It is shown that the 
atmosphere-only modelE (and Model 3) was better able to reproduce the dynamic monsoon 
intensity and the magnitude of the large scale circulation features. The coupled modelE is better 
able to reproduce the magnitude of SASM rainfall compared to the atmosphere-only models, but 
none of the models is able to capture completely the interannual rainfall variability. The coupled 
modelE largely underestimates the dynamic monsoon strength.  
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1. Introduction: Uniqueness of the Indian Ocean Region 
 The Indian Ocean’s South Asian Summer Monsoon (SASM) is one of the most dramatic 
examples of the monsoon phenomenon on Earth and critical to the livelihoods of nearly a third of 
the world’s population. So intense and large-scale is this system, that it dominates the regional 
annual climatic signature and produces far-reaching teleconnections, impacting global 
atmospheric circulation (Saeed et al., 2010). The Indian Ocean itself has an extremely fast 
response time compared to the other ocean basins – on the order of a month – in terms of its heat 
transport and regional surface temperature changes (Lighthill, 1969). Recent literature has 
largely established that the SASM is a ocean-atmosphere-land couple phenomenon, with the 
ocean exerting negative feedbacks by exporting heat to the south of the equator while the cross-
equatorial monsoon flow is to the north, effectively regulating the system (Webster, 2006). 
Additionally, the monsoon displays inter-annual fluctuations, due primarily to changes in the 
Indian Ocean SSTs prior to the onset of the monsoon, internal systemic variability or an 
impending El Niño (or La Niña) event. Still, the SASM is historically one of the most reliable 
climatic features on Earth, varying in its onset by just days to a week, so much so that most of 
the region’s farmers have intimately tied their planting schedules, and indeed lives, to its arrival 
(Cadet, 1979).  
 In addition to the natural climate variability of its internal dynamics and ENSO, the 
tropical Indo-Pacific Ocean basins have recently displayed slight changes in mean SST 
gradients. Specifically, the SST gradient across the tropical Pacific Ocean basin has decreased in 
an El Niño-like fashion, whereas the tropical Indian Ocean has acquired more Indian Ocean 
Dipole-like SSTs, where the western portion of the basin is warmer than the eastern portion of 
the basin (Abram et al., 2008). Both paleo-climatic data and future climate projections show a 
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subtle tendency for this to occur under warmer climatic conditions, as exemplified in a 
comparison of the future warming projections of multiple climate models (Ihara et al., 2009).  As 
discussed in the previous chapters of this dissertation, these patterns of altered sea surface 
temperature patterns have the potential to alter the mean state of the Indian Ocean atmospheric 
circulation, which can further impact the imposed seasonal SASM circulation. 
 In order to understand how these SST and climatic changes affect the SASM (and its 
associated rainfall), it is necessary to evaluate how well the Indian Ocean’s atmospheric 
circulation and the mean SASM system are represented by the GISS climate models. This study 
aims to identify the models’ strengths and weaknesses in reproducing the observed SASM, 
identify any model biases and evaluate which metrics are the most reliable for interpreting future 
climate change simulations. To begin, it is first necessary to understand the mean SASM system 
and the major metrics used to understand it. 
 
2. The Observed Indian Ocean Atmospheric Circulation and South Asian Summer 
Monsoon 
2.1 Characteristics of the South Asian Summer Monsoon 
  As the solar insolation moves north of the equator, the temperature gradient between 
northern India and the tropical Indian Ocean intensifies, such that the maximal gradient occurs in 
approximately May, prior to the onset of monsoonal rainfall. Along the Indian Ocean region, the 
wintertime Hadley cell is absent, and there is little in the way of subtropical subsidence (Hoskins 
and Wang, 2006). A low pressure trough characterizes the region between the Bay of Bengal 
toward the Arabian Peninsula, as far east as Somalia. The maximum low pressure center occurs 
in conjunction with the maximum land temperatures, over northwest India and Pakistan, as 
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shown in NCEP reanalysis data in Figure 1. The pressure differences between the continent and 
the sea incite a cross-equatorial southwesterly monsoonal flow at low levels, originating from the 
southern hemisphere tropical easterlies, and intensifying within several days. This cross-
equatorial flow results in strong westerly winds north of the equator in the western Indian Ocean 
(Figure 2 showing surface winds). This westerly/southwesterly flow enables moist air from the 
southern hemisphere to penetrate far northward over northwest Indian and Pakistan, allowing for 
convective uplift and precipitation in the region. The strength of the initial heat low over this 
region can therefore determine the initial strength and onset of the SASM. Throughout the 
summer, the Indian sub-continental region is characterized by migrating low-pressure systems 
emanating from the Bay of Bengal. These are shown to be major contributors to the seasonal 
rainfall and convective activity over the region (Krishnamurthy and Ajayamohan, 2010). Rainfall 
patterns associated with these low pressure centers are known as the “active” phases of the 
SASM, and peak in frequency in July and August. Patterns occurring without the influence of 
low pressure centers are the “break” phases. Due to the high time resolution needed to 
understand the migrations of these pressure systems, their study beyond the scope of this 
monthly-to-seasonal analysis, however these systems do largely dictate the intra-seasonal 
variability of the Indian Monsoon Rainfall (IMR), occurring over the summer months.  
 The surface temperature differential between northwestern India and the tropical Indian 
Ocean that initially drives the monsoon system can reach nearly 7˚C in May (see Figure 3), and 
coincides with the most intense heat low in the region (Webster, 2006). It has been traditionally 
viewed that the Tibetan Plateau is important in heating the upper atmosphere and intensifying the 
high altitude meridional thermal gradient between the land and the sea (Yanai and Wu, 2006). 
Temperature anomalies from the annual mean at altitude above the Plateau can be above 9˚C 
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mb
Fig 1. Mean June-July-August-September (JJAS) Sea Level Pressure (mb) taken from NCEP/NCAR 
Reanalysis Project. Note the low pressure region extending from the Bay of Bengal to the Arabian 
Peninsula – the SASM Heat Low
Eq.
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Fig 2. Mean JJAS Zonal surface winds (m/s) taken from NCEP/NCAR Reanalysis Project. 
Note the strong westerlies in the northern Indian Ocean
Eq.
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Fig 3. May Surface temperature (˚C) taken from the NCEP/NCAR Reanalysis Project. Note 
the heating of the northern Indian continent compared to the tropical Indian Ocean
Eq.
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(occurring mostly by sensible heating at the surface). However, more recent analyses argue that 
the role of the Tibetan Plateau in contributing to the SASM may be more complicated, as the 
removal of the Plateau in idealized model simulations still resulted in near observed SASM 
circulation provided that the Himalayan range was preserved. This suggests that the Himalayan 
orography plays a role in facilitating the SASM circulation than the heating of the Tibetan 
Plateau (Boos and Kuang, 2010). Generally, the northeastern Indian region is important in 
initializing and driving the monsoonal circulation.  
In May, temperatures in the northern Indian Ocean and Arabian Sea reach 29˚C (annual 
average is ~28˚C). During the onset of the monsoon, when the cross-equatorial flow transports 
moisture and heat northwards, the sea surface temperatures start to cool as Ekman transport 
exports heat toward the southern hemisphere. The flux of heat into the northern Indian Ocean 
during spring is large, over 110 W/m2. This should result in a much larger heating (3˚-6˚C) than 
observed (~1˚C). Therefore, the role Indian Ocean dynamics in regulating the SASM system, 
specifically in the export of surface heating to the southern hemisphere, is deemed important 
(Webster, 2006). The SASM circulation, heat and moisture transports have the effect of actually 
cooling the land surface in JJAS from its peak May temperatures (Figure 4). The subsequent 
SASM circulation is further driven by latent heating of the atmospheric column resulting from 
the imported moisture into the region rather than on the sensible heating of the land surface due 
to the migrating solar insolation.   
Intense cross-equatorial circulation at high and low levels is a signature characteristic of 
the monsoon. Figure 5 displays the low level circulation (arrows) and moisture convergence 
(colors) of the monsoon, which is characterized by anti-cyclonic cross-equatorial flow with 
prominent westerlies north of the equator and a local maximum of moisture convergence over 
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˚C
Fig 4. JJAS Surface temperature (˚C) taken from the NCEP/NCAR Reanalysis Project over the 
period of 1960 to 2000. Note the warmer temperature over the northern Indian Continent 
relative to the tropical ocean
Eq.
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( 3x102 kg*m/s )
Fig 5.  Adapted from Webster et al. Bird’s Eye View of South Asian Summer Monsoon windeld (arrows) and mass transport 
(3x102 kg*m/s). Note the strong southwesterly ow over the western Indian Ocean associated with a strong moisture transport
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the Arabian Sea. At low levels, the ensuing thermal and pressure gradient drives the southern 
hemisphere tropical easterlies to cross the equator and move northward. As they traverse the 
northern Indian Ocean along the African coast, they obtain an anti-cyclonic rotation that deflects 
their influence toward the southern Indian continent and Bay of Bengal (Cadet, 1979). As these 
southwesterly winds intensify, a low-level westerly jet forms along the coast of Somalia (the 
Somali Jet), with its maximum core occurring at 1 – 1.5 km heights at speeds exceeding 25 m/s, 
forcing a Somali Current in the western Indian Ocean. As these winds converge moisture onto 
the continent, the orography of the region forces ascent of the flow. Latent heat release due to the 
influx of moisture deepens the extent of the monsoon height and accelerates the flow, lessening 
the importance of the initial thermal gradient (Webster and Fasullo, 2003). The meridional length 
scale of the monsoon system is set by the adiabatic cooling of high-altitude divergent air from 
nearly 30˚N (to the greatest extent of heating) to 5˚S, the subsidence portion of the SASM 
overturning cell (Webster and Fasullo, 2003; Hoskins and Wang, 2006).  The strong reverse 
temperature gradient of the SASM system results in a geostrophic/thermal wind response at 
upper levels – the Tropical Easterly Jet (TEJ). The TEJ, which has a maximum at 200 mb and 
can obtain speeds of nearly 50 m/s, traverses over the tip of southern Indian, and is thought to 
have contributions from the southern portion of the Tibetan Anticyclone. The TEJ traverses 
southern India and the Arabian Sea to terminate over the central African continent (Cadet, 1979).  
It is estimated that nearly 30% of the annual ISMR originates as moisture flux from south 
of the equator, with other substantial contributions from evaporation off the Arabian Sea. The 
buildup of relative humidity over the spring and early summer is also marked. Relative humidity 
over the Indian subcontinent can increase from 20% to nearly 60% between April and July (Lal 
et al., 1995). The actual onset of the SASM is marked by a “burst”, abruptly starting from 
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southern India and moving toward the northeast with sudden violent rainfall. Rainfall over the 
subcontinent is closely associated with the low pressure systems that track westward from the 
Bay of Bengal – these are the so-called “active” periods of the monsoon (Krishnamurthy and 
Ajayamohan, 2010). As the summer draws near, increased convective activity occurs over 
SASM region, as is indicated by low (less than 220 W/m2) outgoing longwave radiation (OLR), 
and extends to the northern Indian sub-continent. These low OLR patterns resemble the 
intermittent characteristics of the Intertropical Convergence Zone (Webster et al., 1998; Gadgil 
et al., 2003, 2007 see Appendix Figure 3). For the Indian population, these fairly tangible and 
distinct circulation changes herald the coming of nearly 80% of the annual rainfall, which can 
exceed totals of 1000mm. Total JJAS precipitation patterns are shown in Figure 6. Maxima in 
rainfall occur over the central to northern Bay of Bengal and just adjacent to the southwestern 
Indian coastline.  
 Mid-tropospheric cyclones over the Arabian Sea and Bay of Bengal and a large 
anticyclone over the Tibetan Plateau further characterize the summertime circulation over the 
northern Indian Ocean region. The mid-tropospheric cyclones (see Appendix, Figure 4a) are 
driven by latent heat release and are associated with strong precipitation rates (Cadet, 1979).  In 
the upper troposphere, the Tibetan Anticyclone is another prominent feature of the SASM, with 
its maximum and ridge occurring around 150 mb and 30˚N, respectively (Figure 7). The southern 
flank of the anticyclone feeds into the TEJ, traverses westward around 10˚N toward the African 
continent. The Tibetan Anticyclone forms through interactions between the deep convective 
rainfall during the SASM, sensible heating over the Tibetan Plateau and convective heating over 
the western North Pacific – all which contribute to the strong surface convergence and upper 
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mm/day
Fig 6. JJAS mean rainfall from a period over 1960-2000 taken from merged CPC Data. Note 
the strong centers of precipitation over southwestern India and the Bay of Bengal, as well as 
the eastern tropical Indian Ocean
Eq.
57
-3 -1.5 1.5 30
Vorticity 10-5 s-1
Fig 7. JJAS Tibetan Anticyclone at 150 mb over the period of 1960-2000 taken from the ECMWF 
Reanalysis Project. Note the negative (anticyclonic) vorticity tendency over the Tibetan Plateau, 
which extends towards the southern Bay of Bengal and Southeast Asia
Eq.
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level divergence that yields an anticyclonic vorticity forcing at upper levels in the atmosphere 
(Hoskins and Wang, 2006).   
 Finding metrics that encapsulate the full geographic scope, intensity and rainfall 
distribution of the monsoon is still at the forefront of the region’s climate research. A 
combination of several indices that measure the intensity of the monsoonal circulation, the 
magnitude of the region’s rainfall and the build-up of moisture and energy into the region are 
currently used to try to investigate the major aspects of the monsoon. One example of these 
indices is termed the Monsoon Intensity Index (MI index), formulated by Webster and Yang 
[1992]. The general calculation of the MI index involves the vertical shear of the zonal wind 
over south Asia (0˚ - 20˚N, 60˚-110˚E):  
 
Typical values range between 22 m/s and 25 m/s, with an interannual standard deviation of 1.49 
m/s. The JJAS MI index is shown from 1960 to 2005 in blue in Figure 8. The index can be 
considered a measure of the strength of the monsoonal meridional temperature and pressure 
gradients, to which the zonal wind in the south Asian region exhibits a thermal wind response. 
The greater the MI index, the more intense the meridional temperature gradient driving the 
monsoon circulation.  
 The All India Monsoon Rainfall Index (IMR Index), shown in blue in Figure 9. The IMR 
index is defined as the total JJAS rainfall across 300+ rain gauge stations on the Indian continent, 
a relatively smaller area than covered by the dynamics MI index (Parthasarathy et al., 1994). 
However, the SASM is of primary interest to the Indian population because of the moisture 
convergence and subsequent rainfall it produces over the sub-continent, some of the highest 
rainfall totals over continental Asia. Therefore, much research is focused on understanding the 
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Indian continental rainfall associated with the SASM and projecting potential changes to the 
rainfall patterns based on larger-scale circulation changes. There is some variability in the 
observed inter-annual IMR dataset, which has a standard deviation of 85.5 mm. In the period 
between 1970 and 1990, there appears to be a greater correlation of anomalous (outside one 
standard deviation) rainfall events with the MI Index.  Generally, both indices have a reasonable 
correlation with ENSO indices, as El Niño has an attenuating effect on the intensity of the 
monsoon. In addition to the internal air-sea dynamics of the Indian Ocean system, ENSO 
modulation of the IMR accounts for nearly 30-40% of IMR variability. IMR variability may also 
depend on the state of the sea surface temperatures in the equatorial Indian Ocean, the sign of the 
Indian Ocean Dipole phenomenon, the Himalayan and Eurasian snow cover, pre-monsoon 
surface air temperature over India, and even phases of the North Atlantic Oscillation.  
 Historically, a relatively weak correlation is found between the IMR and MI indices, 
(Webster and Yang, 1992; Sun et al., 2010 and reference therein). The exact reasoning behind 
this is the topic of much current research. Possibilities include the much more limited domain of 
the IMR compared to the MI index, which encapsulates nearly the whole of the northern Indian 
Ocean. The IMR may also be dependent on different mechanisms throughout the lifecycle of the 
SASM, such as the establishment of an Tropical Convergence Zone over the Indian sub-
continent (Gadgil et al., 2003; 2007). In this case, the MI index taken for the JJAS interval may 
diminish in its already weak correlation strength to the IMR as the season progresses.  
Perhaps the most tangible and visible portions to the SASM system are these large-scale 
atmospheric circulation patterns and moisture transport. However, these processes do not occur 
in a vacuum, as the Indian Ocean itself both contributes to them and regulates them. The 
temperatures at the ocean surface and the heat transport at depth are integral to the holistic 
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characterization of the SASM system, but are often among the most difficult to model. The 
Asian continental boundary to the Indian Ocean creates distinct circulation patterns in the 
northern Indian Ocean that include a weak northward transport and ventilation of the thermocline 
and a lack of steady northern equatorial easterlies (Figure 10). During the summer, upwelling 
occurs off the coasts of northeast Africa and the Arabian Peninsula, driven by the southwesterly 
winds running parallel to the coastline. These winds further create offshore Ekman transports 
that join the Somali Current towards the Arabian Sea and the tip of India near 4˚N, which then 
continues toward the Bay of Bengal, as shown in Figure 10 (Schott et al., 2009). Cooler SSTs 
and upwelling off the African coast prevents convection from occurring in that region, however, 
elsewhere in the northern Indian Ocean, rising summer SSTs do allow for deep convection, 
which can facilitate the summertime rainfall.  
The Indian Ocean is also characterized in the summer by a meridional transfer of mass 
and heat that occurs through the Cross-Equatorial Cell, which flows upwards to the surface and 
northward to connect with the near-surface Somali Current. The return flow occurs through the 
southern hemisphere-bound cross-equatorial flow below the surface. Typically, the seasonal peak 
of this heat transfer occurs around +/- 1-1.5 PW in the direction opposite to solar insolation 
change (Webster, 2006). Generally, the heat flux into the northern Indian Ocean is greater than 
that of the western Pacific Ocean, with an annual average of nearly 50 W/m2 (Webster, 2006), 
and 20 W/m2 at the equator (Alory and Meyers, 2009). This anti-phase meridional heat transport 
allows for the export of heat and energy from the SASM. This Indian Ocean heat transport plays 
a possible regulatory role for the Indian Ocean monsoon systems, which display relatively little 
variability than other tropical rainfall regions. For instance, the warmest SSTs in the northern 
Indian Ocean occur in May, when temperatures reach slightly more than 29˚C. During the 
63
Fig 10. Adapted from Schott et al. [20090]. Schematic representation of identied current branches 
during the summer monsoon. The subsurface return ow of the supergyre is shown in magenta, and 
the red vectors show directions of meridional Ekman transports
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remainder of the year, the SSTs in the same region average about 28˚C (Webster, 2006). These 
small variations can make simulating the ocean-component to the monsoon quite challenging. 
However, atmospheric GCM studies performed by Shukla et al. [1975] indicated that cooler 
temperatures in the Arabian Sea can attenuate the summertime rainfall over India. The SSTs in 
the northern Indian Ocean, and particularly the Arabian Sea, begin to cool during the onset of the 
SASM in boreal summer. Evaporative cooling in the Arabian Sea can be fairly strong, due to the 
southwesterly monsoon in the southern portion during the summer and the northeasterly 
monsoon in the northern portion during the winter (which brings cool dry air off the Asian 
continent) (Webster, 2006; Schott et al., 2009).  
 
3. Comparison of the modelE Produced South Asian Summer Monsoon to the Observed 
Monsoon 
3.1 The GISS General Circulation Model: modelE 
The Goddard Institute for Space Studies modelE (AR5 version) General Circulation is the 
first of three models used to reproduce the South Asian Summer Monsoon. ModelE was run at 2˚ 
x 2.5˚ latitude x longitude resolution with 40 vertical layers in the atmosphere. The AR5 version 
modelE builds upon the modelE AR4 version discussed in detail in Schmidt et al. (2006) and 
Hansen et al. (2007), relating to climate simulations from 1880-2000. The AR5 modelE has an 
increased vertical atmospheric (40 layers) and oceanic resolution (32 layers). AR5 modelE also 
exhibits improvements in cloud parameterizations and in the model code for sea-ice, ocean 
dynamics and the land-surface (Schmidt et al., in prep). Modern boundary conditions were used, 
along with annually varying sea surface temperatures (SSTs) based on monthly averaged 
observations from 1960 to 2008. Despite not having explicitly incorporated the ocean dynamic 
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component to the model, the used observed varying SSTs incorporate some of the observed 
variability in heat and energy fluxes. The corresponding greenhouse gas concentrations for each 
year were also employed. The following summarizes how successful modelE is in simulating the 
SASM when compared with the observations detailed above.  
 
3.2 The general performance of GCMs in simulating the SASM 
 There are many factors that make accurate simulations of the South Asian Summer 
Monsoon a challenging task for climate models. Firstly, the phenomenon is characterized by 
stark precipitation gradients and a high degree of both intraseasonal spatial and temporal 
variability, although the mean interannual rainfall tends to not vary significantly compared to 
other tropical rainfall regions. Additionally, there exists a weak correlation between the Indian 
Monsoon rainfall and the dynamic monsoon intensity, and therefore the surface temperature 
gradients, which makes for a decidedly complex set of mechanisms to model (Bollansina and 
Nigam, 2009). Compounding the difficulty in simulating the SASM accurately are the systematic 
errors characteristic of many climate models, especially with respect to parameterizations of 
moist convection and processes. For five of the IPCC AR4 climate models, these errors included 
cold biases across the tropical Pacific, double intertropical convergence zones and inaccurate 
ENSO simulations. The models also displayed excessive mean rainfall over the western/north-
central Indian Ocean and deficient rainfall in the south-central Indian Ocean that extended 
toward the Bay of Bengal (Bollasina and Nigam 2009). 
 Nevertheless, GCM representations of the SASM system have been showing signs of 
recent improvement, particularly with respect to the coupled atmosphere-ocean GCMs (Krishna 
Kumar et al., 2004). Many multi-model comparison studies of SASM representations show that 
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models generally simulate the SASM rainfall maximum reasonably well (Kang et al., 2002; 
Sabade et al., 2010; Preethi et al, 2009; Kripalani et al., 2007; Bollasina and Nigam, 2009). 
These maxima include that occurring over the Bay of Bengal and the southwest coast of India. 
However, model precipitation does tend to include a broader spatial structure when compared to 
observations due to their inability to simulate the steep rainfall gradients, thereby 
misrepresenting those regions farther away from the rainfall maxima, where possible minima 
occur (as in southeast India). In several of these studies, it has been indicated that there is a wide 
spread of model SASM reproductions, with some models overestimating the mean rainfall 
amounts over the entire region and others underestimating them – however, few reproduce 
rainfall totals close to the observed. Kang et al., 2002 found that accurate model simulation over 
the western tropical Pacific and the positioning of the Pacific High may be important to both the 
SASM rainfall and the strength of the SASM circulation.  
Indeed, Bollasina and Nigam [2009] found that anomalous easterly/southeasterly flow in 
lower levels weakened the SASM prevailing southwesterlies in model simulations and resulted 
in a weaker Somali Jet – responsible for converging much moisture over the Indian continent 
during the onset of the SASM. Models that are better able to reproduce the northward migration 
of western Pacific rainfall are more successful in realistically representing monsoon variability. 
The authors suggest that models using the Arakawa-Schubert convection scheme more 
accurately simulate the spatial variability of the IMR.  However, not all models using this 
scheme are successful and so subrid-scale parameterizations also become important. The authors 
also noted that many of the models produced the maximal rainfall amount about a month early or 
late of the observed maximum (occurring in July). The authors also found that generally the 
models they compared overestimated the amount of variability in the IMR, however the GISS 
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model was not contained in this analysis, as only 10 models participating in the Atmospheric 
Model Intercomparison Project were compared based on the best reproductions of the basic 
monsoon features.  
In a study of CMIP3 climate models, Sabade et al. [2010] and Preethi et al. [2009] (in an 
analysis of DEMETER European climate models) found that the models tended towards a dry 
bias in SASM rainfall, and noted that the still coarse model resolution (over 30 km) inhibits its 
ability to reproduce the exact spatial rainfall variability as well. In addition to simulating SASM 
variability different from the observed, models also have a difficulty in simulating singular 
monsoon events or extremes. For instance, although 1997 was characterized by an exceedingly 
strong El Niño event, which would generally attenuate the IMR, rainfall was near normal over 
India (Gadgil et al., 2007; Preethi et al., 2009). However, most models show drought conditions 
(as were expected) for the sub-continent. The skill of the climate models in reproducing the 
SASM has generally been better towards the beginning of observational records (1950-1980) as 
opposed to the latter part of the century (1981- the present) (Preethi et al., 2009). The second 
time interval was characterized by heightened ENSO and Indian Ocean internal variability, 
making accurate simulations challenging, especially for lack of adequate ENSO simulations with 
coupled models. A model intercomparison study by Kripalani et al. (2007) included simulations 
with the coupled GISS models, incorporating the HYCOM and Russell ocean models. Although 
no trend can be seen in the interannual IMR values, a negative trend is simulated by the GISS 
coupled models, which may cause a bias in future projections. However, this declining IMR 




 3.3 The ModelE Representation of the South Asian Summer Monsoon 
A known deficiency of modelE is its underestimation of sea level pressure (SLP) in 
tropical regions by 2-4 mb in all seasons (Schmidt et al., 2006). This deficiency is apparent in 
Figure 11b, comparing the summer averaged sea level pressure over the monsoon region for 
modelE with the above-described observations. ModelE slightly underestimates the SLP over 
most of the tropical Indo-Pacific regions. In particular, these underestimates are slightly more 
pronounced over the Indian Ocean region than over other subtropical regions, extending to well 
over the Indian sub-continent and Himalayan range (nearly 30˚N). The heat low region that 
extends between the Bay of Bengal and the Arabian Peninsula is more prominent in modelE 
simulations than in observations, which in theory should be conducive to a greater convergence 
at lower levels of monsoonal air (although evidence to the contrary is presented below).  
Generally, modelE reproduces the surface temperature patterns associated with the onset 
and duration of the SASM accurately, with some spatial differences in the magnitude of the 
maximal temperatures. In May, (Figure 12b) the model does accurately depict the maximal 
heating of the Indian sub-continent to the southwest of the Tibetan Plateau, towards northern 
India – a region important for the setting the strength of the onset monsoonal circulation. 
However, the model simulates a stronger maximum than is depicted in observations in this 
location (which would again suggest strong monsoonal flow – to be addressed later in this 
study). Temperatures over the Indian and Arabian peninsulas are simulated with magnitudes and 
spatial patterns close to the observed.  
 June-July-August-September (JJAS) surface temperatures are also simulated with 
reasonable spatial accuracy. The model produces maximum regional temperatures over 
northwest India and the Arabian Peninsula (Figure 13b) that is consistent with the observed 
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Fig 11. JJAS Sea Level Pressure (mb) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th 
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Fig 12. May Surface Temperature (˚C) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th 
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Fig 13. JJAS Surface Temperature (˚C) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th 






 regional pattern. However, another known deficiency in modelE (to be highlighted later) is an 
approximate 25% reduction in summer cloud cover over central Asia, which results in warmer 
summer surface temperatures, in some cases by as a much as 5˚C. In looking at the temperature 
results in the maximal heating region in northwest India, we see an approximate increase of 
nearly 5˚C when compared with the observed temperatures. Temperatures in tropics, particularly 
over the Bay of Bengal, the Maritime continent and the western tropical Pacific, are slightly 
underestimated by modelE simulations. Temperatures toward the western tropical Indian Ocean 
are produce accurately when compared to observations. Heating of the Indian sub-continent 
between JJAS and May is again simulated in a manner consistent with observations. The 
maximum increases in temperature occur over the most of the Indian peninsula, and the 
maximum increases are concentrated in the central region. The model simulates these 
temperature increases, and tends to place the maximum values to the east of the central Indian 
sub-continent. Arabian Sea surface temperatures are somewhat higher than the observed, and 
southern Indian Ocean surface temperatures a lower than observed.  
At higher levels, there are more discrepancies in the temperature magnitudes and patterns 
between the model simulation and observations. In May, the model does reproduce the region of 
maximum heating to the northeast of the Indian peninsula and near the Tibetan Plateau (Figure 
14b). However, the gradient of temperature change moving to the west of the Plateau displays 
difference in the model’s simulation when compared to observations – the gradient more steep in 
modelE’s simulation. Cooler temperatures are simulated over the northern Indian continent than 
are seen in observations, and these cooler temperatures extend toward the Arabian Peninsula. 
Temperature increases over the eastern Indian Ocean and Maritime continent are not as strong 
and widespread in the model simulation, although the temperature gradient between the western 
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Fig 14.  May 300mb Temperature (˚C) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th 






 and eastern tropical Indian Ocean is of a magnitude consistent with observations. The JJAS 
upper air temperature pattern difference between the modelE simulation and observations are 
similar to those produced in May, and become even more pronounced (not shown).  
Spatially, the model does reproduce the observed temperature maximum above the 
Tibetan Plateau region, however of much lesser extent and magnitude than the observed 
maximum. The magnitude of the difference between the modeled and observed temperatures is 
larger farther from the Tibetan Plateau maximum. Temperatures over the Indian sub-continent 
are simulated to be around 4˚C cooler than the observed temperatures, but over the Arabian 
Peninsula, the temperatures are nearly 7˚C cooler than observed. Temperatures over the tropical 
Indian Ocean are lower (4˚C – 5˚C) in the model simulation than observed as well, particularly 
toward the western tropical Indian Ocean. The model’s tendency to underestimate the upper level 
temperatures is not confined to the Indian Ocean region and extends to higher latitudes and 
across the tropical Pacific, where the upper atmospheric tropical Pacific temperature gradient is 
stronger in the model simulation than observations.  
The Somali Jet is underestimated in modelE simulations in both its extent and its 
magnitude. The model shows maximum a jet speed of over 15 m/s (which is consistent with 
observations) off the coast of Somalia entering the Arabian Sea in towards the northeast. 
Westerly winds are shown across the Arabian Sea, Indian Continent and Bay of Bengal, but are 
much weaker than the jet depicted in observations. The latitudinal extent of the jet is also 
underestimated, as the maximum jet speeds are confined to a smaller area than the maxima 
pictured in the observations (Figure 15b). Likewise, the easterly winds south of the equator, 
which subsequently feed the southwesterly cross equatorial flow, are weaker in the modelE 
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Fig 15. JJAS Somali Jet (m/s) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only ModelE 
forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th century 






 simulation than in observations. These results suggested a weaker low-level component of the 
dynamic monsoon system.  
At higher levels in the atmosphere, modelE produces weaker easterly winds associated 
with Tropical Easterly Jet when compared with observations – a finding consistent with the 
weaker production of the low level westerly winds (Figure 16b). ModelE produces maximum jet 
speeds (at well over 20 m/s) for the TEJ in the western Indian Ocean and Arabian Sea – a result 
consistent with observations in both spatial extent and velocity. However, observations show that 
this magnitude of jet strength extends throughout the northern Indian Ocean region, over the 
Indian sub-continent and Bay of Bengal. The western extent of the observed jet (the jet exit 
region) is well over the northern/central African continent. Easterly winds at high levels are 
present in the modelE simulation over much of the northern Indian Ocean and over the African 
continent, and is spatially consistent with observations. However, the simulated jet is fairly weak 
compared to observations, with magnitudes of around 15 m/s, if not less in some regions. This 
would further suggest that in addition to weaker low-level circulation, the upper level monsoonal 
wind response is also weaker in modelE simulations.  
ModelE simulates the increases in Relative Humidity (RH) over the Indian continent 
between April and July in a manner mostly consistent with observations, in that the greatest 
increases occur over the western coast of the Indian peninsula and northern India, extending 
toward the Bay of Bengal. However, the extent of this RH increase is less in the modelE 
simulations, for it does not show as expansive an increase across the northern Indian Ocean 
basin, east African Coast and Arabian Sea, as shown in observations (Figure 17b). There is in 
fact a sign change in the July-April RH off the coast of Somalia, as observations indicate about a 
10% increase in RH, whereas modelE shows decreases of similar magnitude. Decreases in RH 
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Fig 16. JJAS Tropical Easterly Jet (m/s) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th 
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Fig 17.  July-April Relative Humidity (%) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-only 
ModelE forced with observed monthly 20th century SSTs, c) the coupled ocean-atmosphere ModelE 20th century run. This 






 are actually shown in the southern Arabian Sea in the modelE simulation –a region known to be 
a large supplier of moisture to the Indian sub-continent during the monsoon season. In 
observations, this region is shown to have substantial increases in the RH between April and 
July.  
ModelE generally displays the characteristic seasonally averaged precipitation pattern as 
seen in observations (Figure 18b). However, the model tends to show excessive precipitation 
compared to observations in regions that exhibit maximum rainfall – the model tends to rain 
more than observed in areas that receive rain. Nearly half of this rainfall is due to convective 
precipitation (not shown). For the Indian monsoon region, maxima in precipitation occur over 
the northern Bay of Bengal and along the southwest Indian coast. ModelE does an accurate job 
simulating the location of these maxima, however the model produces nearly 20 mm/day more 
rainfall in these regions. Additionally, the precipitation maximum over the Bay of Bengal is 
translated more northward over the continent in the modelE simulation than in the observations – 
most of the rainfall occurs over the continent as opposed to over the Bay as indicated in 
observations. Elsewhere over the Indian subcontinent and northern Indian Ocean, the model 
display more erratic patterns of precipitation, showing lower levels than indicated in 
observations. This is especially true in north/northwest India – the region that displays some of 
most intense heating prior to the onset of the monsoon, and where modelE produced a higher 
surface temperature (by nearly 5˚C) than observed. The model also underestimates the 
precipitation off the western coast of the Maritime continent, but overestimates the rainfall 
(compared to observations) occurring along the western Indian Ocean off the East African 
coastline.  
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Fig 18. JJAS Seasonally Averaged Rainfall (mm/day) averaged over 1960-2000 for a) Merged CPC analysis and b) the 
atmosphere-only ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with 






  At upper levels, modelE does display a prominent Tibetan Anticyclone, although due to 
the vorticity calculation, its center is not as clearly defined in the model results when compared 
to observations (Figure 19b), and instead maximums appear over the northern Indian continent 
rather than over the Tibetan Plateau. However, strong anti-cyclonic tendencies are shown over 
South Asian region in a spatial pattern consistent with observations – these extend from North 
Africa and the Arabian Peninsula to eastern China, Southeast Asia and over the western Pacific 
Ocean. Cyclonic vorticity is also shown at upper levels off the East African coast, and although 
the extent of this cyclonic motion is smaller in modelE compared to observations, the continental 
pattern is consistent. However, modelE shows a cyclonic motion over the southern tip of India, a 
feature that is translated northward of its observed position, as observations show more cyclonic 
tendencies just south of the Indian peninsula.  
Figure 20 depicts the Monsoon Intensity (MI) index as produced by the modelE 
simulation. ModelE underestimates the monsoon intensity throughout the timeseries when 
compared to the observations. However, the model captures the interannual variability quite 
accurately, producing a standard deviation of about 1.47 m/s (as compared to the observed 1.49 
m/s).  Both trends show decreasing monsoon strength over the course of the 20th century.  
Despite modelE’s capability to reproduce the variability, both in magnitude and sign, of 
the MI index, its performance wanes when the Indian Monsoon Rainfall (IMR) index is 
computed (Figure 21). As shown, modelE actually overestimates the mean rainfall for the 1961-
2000 period, as given by observations, and does not fully simulate the IMR variability, often 
displaying variations from the mean of the opposite sign relative to observations. Indeed the full 
variability is not captured, and the modelE IMR operates at a standard deviation of about 76.2 
mm/day, less than the observed 85 mm/day. Consistent with observations (which is admittedly a 
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Fig 18. JJAS Seasonally Averaged Rainfall (mm/day) averaged over 1960-2000 for a) Merged CPC analysis and b) the 
atmosphere-only ModelE forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with 






Model 3Observed Model E Model E AOGCM
Fig 20. The Monsoon Intensity Index (m/s) taken from 1960 to 2005 for the “Observed” (NCAR/NCEP reanalysis project) in blue, 
the atmosphere-only ModelE in red, Model 3 in green, and the coupled ModelE in purple. The coupled ModelE underestimates 
the MI index the most severely out of all the models 84
Model EObserved Model 3 Model E AOGCM
Fig 21. The Indian Monsoon Rainfall Index (mm/season) taken from 1979 to 2000 for the “Observed” (Merged CPC analysis 
project) in blue, the atmosphere-only ModelE in yellow, Model 3 in red and the coupled ModelE in green. The coupled 
ModelE best reproduces the magnitude of interannual rainfall over India out of all the models
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short timeseries), modelE does not display a significant trend in either direction in the IMR itself, 
so unlike the MI index, it cannot be ascertained based on this timeseries that rainfall indices are 
decreasing along with monsoon intensity indices.  
 
4. Comparison of the Model 3 Produced South Asian Summer Monsoon to the Observed 
Monsoon 
4.1 The GISS Global Climate Middle Atmosphere Model (GCMAM) Version 3 
 The GISS Model 3, also known as the Middle Atmospheres Model, comprises one of two 
main foci in the ongoing GISS climate modeling effort, and is described in detail by Rind et al. 
[2007]. For these experiments we employ the version with 23 layers in the atmosphere and a top 
at 0.001mb (~80 km). GCMAM3, like most GCMs, calculates temperature, pressure, winds, and 
specific humidity, using the conservation equations for mass, energy, momentum and moisture. 
Unlike other GCMs, GCMAM3 uses a fourth-order differencing scheme in both the momentum 
and mass equations, and a quadratic-upstream scheme for heat and moisture advection. These 
schemes implicitly enhance absolute model resolutions of 4° ! 5° (latitude x longitude) to 1.3° ! 
1.6° [see Schmidt et al., 2006]. The radiation physics include all key trace gas constituents (CO2, 
CH4, N2O, CFCs, and O3) and aerosols (natural and anthropogenic), and is capable of simulating 
the effects of large forcing changes in constituents such as volcanic aerosols and greenhouse 
gases. In addition, a gravity wave drag parameterization incorporates the effects of flow over 
topography, wind shear and convection.  
One of the main uses of Model 3 is to investigate the dynamic interactions between the 
troposphere and the stratosphere, and it has yielded slightly different climatological results than 
modelE (Rind et al., 2007). There are several differences between modelE (ME) and Model 3 
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(M3), which may be important for the reproduction of the SASM system. Some differences lie in 
the way in which the boundary layer is modeled and in the cloud/convection schemes. This has 
resulted in a smaller cloud liquid water content, by nearly 70%, in M3 versus ME. The total 
cloud cover is slightly higher in altitude in M3 compared to ME, in order to improve the optical 
thickness, which is somewhat overestimated by ME (Rind et al., 2007). M3 also displays a 
slightly higher global net radiation at the top of the atmosphere over the ocean than does ME (by 
~5 W/m2) – this is shown to have an impact on rainfall fields. Other differences are centered 
around the models’ gravity wave drag parameterizations, where M3 includes explicitly sources 
from shear, convection and frontogenesis, as well as important orographic effects.  
Most importantly for the purposes of understanding and comparing the model 
reproductions of the SASM, M3 tends to produce summer precipitation values over India that are 
near the upper end of the observed rainfall rates – especially in the 2˚x2.5˚ resolution in which 
the highest rainfall quantities occur. There are also differences in the inter-hemispheric transport, 
resulting from the differences in convection and cloud schemes (which also account for the 
rainfall differences between the models). The M3 inter-hemispheric transport is known to be 
stronger than that of ME, and therefore more realistic compared to observations (Rind et al., 
2007). 
  
4.2 The Model 3 Representation of the South Asian Summer Monsoon 
The heat low region characteristic of the monsoon has a greater extent in the Model 3 
simulation when compared to observations, spanning most of northern India, Pakistan, and a 
large portion of the Arabian Peninsula (Figure 11c). The sea level pressure (SLP) gradient 
between the central Indian continent and the equatorial Indian Ocean is similar to the observed, 
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however, suggest a more realistic driving monsoon pressure gradient at the surface than that 
feature in modelE, which has a tendency to underestimate the surface pressure in the region.  The 
patterns of May surface temperatures in the SASM region in Model 3 are generally consistent 
with observations in that the northern Indian continent and the Arabian Peninsula experience the 
most intense heating relative to the tropical Indian Ocean, thereby building the temperature (and 
pressure) gradients that initially drive the SASM (Figure 12c). Furthermore, Model 3 May 
surface temperatures bare more similarity to that produced by modelE, in that the warming over 
the northern Indian continent is more severe compared to observations, particularly just 
southwest of the Tibetan Plateau. Model 3 also displays slightly cooler temperatures over the 
tropical Indian Ocean, which suggests a stronger driving temperature gradient between the 
continent and the ocean. The Model 3 produced June-July-August-September (JJAS) surface 
temperatures are also generally similar to observations (Figure 13c). The Indian continent is 
warmer than the tropical Indian Ocean, however this contrast is exaggerated in Model 3. The 
model-produced temperature gradient is nearly 10˚C, when taken with respect to northern most 
portions of the Indian subcontinent. The same gradient in observations is shown to be 
approximately 5˚C – 7˚C (a larger gradient exists when taken with respect to the Arabian 
Peninsula). Similar to modelE, it appears that Model 3 produces excessively warm summer 
continent temperatures over India. In fact, Model 3 produced continental temperatures that 
exceed those of modelE, specifically in northern India. Temperatures over the Tibetan Plateau 
are shown to be cooler than those shown in observations as well.  
At altitude, Model 3 shows, uniformly, much cooler May temperatures than either the 
reanalysis data or modelE results (Figure 14c). Temperatures over the eastern Indian continent 
and Bay of Bengal are, in some areas, nearly 5˚C cooler.  However, the spatial temperature 
88
 patterns are fairly consistent. Local maximum upper level temperatures are located over southern 
China and the northern Southeast Asian continent. Warmer temperatures extend equatorward 
over the tropical western Pacific Ocean. However, this region of warmer temperatures in Model 
3 does not extend to the eastern tropical Indian Ocean, as shown in the reanalysis data. 
Additionally, and similar to modelE, Model 3 also produces a steeper temperature gradient over 
northern India than seen in the reanalysis data. Cooler temperatures at high altitudes compared to 
reanalysis data persist during JJAS as well (not shown). Model 3 does produce a local 
temperature maximum over the Tibetan Plateau region, however this maximum is significantly 
reduced in both magnitude and spatial extent from the reanalysis data. The relatively high 
temperatures fail to extend to the Arabian Peninsula and northern Africa. Additionally, the zonal 
temperature gradient along the equatorial Indian Ocean, between East Africa and the Maritime 
Continent, is reduced in Model 3 compared to reanalysis.  
 Model 3 produces a weaker Somali Jet when compared to observations (Figure 15c). It 
does produce two maxima that are present in observations, however: that occurring off the coast 
of Somalia directed toward the northeast and off the coast of southern India. However, the M3 
produced jet weakens over the Arabian Sea on its approach to the western Indian coast compared 
to observations, where the jet maintains its magnitude across the northern Indian Ocean. The area 
covered by the Somali Jet maximum is also much less when compared to observations, in which 
most of the Arabian Sea and northern Indian Ocean is characterized by the jet flow. The Somali 
Jet produced by Model 3 is also weaker than that produced by modelE, in which the overall jet is 
still weaker than observations, but the maxima off the coast of Somalia is stronger compared to 
Model 3.  The extent of the Somali Jet produced in Model 3 does extend towards the western 
tropical/subtropical Pacific, as shown in observations. However, the jet weakens significantly 
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across the southern Bay of Bengal and Southeast Asia, similar to the patterns produced by 
modelE.  
 The Tropical Easterly Jet produced by Model 3 has a strong, widespread core across the 
northern and tropical Indian Oceans of magnitude consistent with observations (Figure 16c). The 
western portion of the TEJ off the coast of Africa is the most consistent with observations. 
However, the Model 3 produced TEJ maximum does not extend as far north over the Indian 
subcontinent as shown in observations. Additionally, the jet weakens toward the east, over the 
western tropical/subtropical Pacific Ocean. Model 3 does produce another smaller maximum in 
windspeed over the Maritime continent that is consistent with observations, unlike modelE, 
which actually displays a relative minimum in the same location. Overall, Model 3’s TEJ is more 
consistent with the observed TEJ than that produced by modelE, in that the maximum speeds of 
the jet extend over a wider area in the northern Indian Ocean. The TEJ produced by modelE, 
however, shows a maximum in the western Indian Ocean, but significantly weaker easterlies 
toward the east.   
Model 3 greatly overestimates the SASM rainfall, particularly over the major SASM 
precipitation (and convection) centers – southwestern India and the northern Bay of Bengal 
(Figure 18c). Overestimates exceed 15 mm/day in these regions. However, in these regions, the 
model does reproduce the spatial variability of the rainfall fairly accurately. The model also 
overestimates the rainfall just south of Southeast Asia and off the coast of East Africa.  However, 
Model 3 underestimates the rainfall over the eastern tropical Indian Ocean and over the 
tropical/subtropical eastern Pacific Ocean.   
 Like, modelE, Model 3 also produces anticyclonic circulation maximum at high altitudes 
over the northern Indian sub-continent and just south of the Tibetan Plateau observed maximum. 
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This maximum, although within the region of the Tibetan Anticyclone, does not coincide 
precisely with the observed maximum, an important and dominant feature in the SASM and 
regional circulation that can contribute to the easterly trajectory of the TEJ (Figure 19c). 
Although anticyclonic vorticity patterns dominate the large region between north Africa, the 
Arabian Peninsula and China, Model 3 does produce cyclonic motion over southern Southeast 
Asia, similar (but more widespread than) to modelE and disparate with observations. Model 3 is 
consistent with observations (and modelE) in showing cyclonic patterns at upper levels over East 
Africa and west of Sri Lanka.  
The Monsoon Intensity (MI) index for Model 3 (run for 1960-2008) is shown in Figure 
20, and under-predicts the observed values, similar to modelE. A slight declining trend is present 
in all timeseries, however, the length of the time series makes a certain assessment of this trend 
difficult. In contrast to modelE, the Model 3 MI Index has a standard deviation of ~1.8 m/s, 0.4 
m/s greater than that produced by modelE or shown in the observations. Additionally, there are 
several years in the latter portion of the timeseries in which Model 3 under-predicts the intensity 
of the monsoon, more so than modelE. This result appears to be inconsistent with the weaker 
Somali Jet and stronger TEJ that Model 3 produces – greater differences in these features should 
make for a stronger MI index and circulatory system.  
Similar to modelE, Model 3 also over-predicts the 1961-2000 IMR index, as shown in 
Figure 21. Estimates of the IMR index produced by Model 3 are greater still than those produced 
by modelE, showing generally more rainfall over the Indian (IMR) domain. Model 3 produces a 
standard deviation of ~ 90 mm/day, greater than that produced by modelE and the observed 




5. Comparison of the Coupled modelE Produced South Asian Summer Monsoon to the 
Observed Monsoon 
For this analysis, the GISS AR5 version modelE will be used, coupled to the Russell-
Schmidt Ocean (RSO) model.  The RSO is run at 1˚x1.25˚ horizontal resolution with 32 vertical 
layers. The RSO model produces a realistic thermohaline circulation, but also produces an 
unrealistic El Niño variability. AOME produces approximately 0.9˚C warming over the 20th 
century, slightly greater than the observed ~.75˚C warming. 
The AR5 modelE AOGCM (AOME), Figure 11d, displays sea level pressure patterns 
consistent with the NCEP reanalysis in that the lowest regional pressures occur over the northern 
Indian continent and Arabian Peninsula. However, AOME does not produce the full magnitude 
of the heat low, making for a weaker manifestation of the feature. However, AOME produces a 
relatively lower pressure band across the South Asian continental region that covers a larger 
expanse than that shown in the reanalysis. AOME additionally simulates lower pressures across 
much of the tropical Pacific Ocean.  
AOME produces May surface temperatures consistent with those produced by the 
modelE atmosphere only, in that the maximum regional surface temperatures are found to the 
southwest of the Himalaya/Tibetan Plateau region in northern India (Figure 12d). This is 
consistent with observations as well, however, both models produce a stronger maximum in this 
region than observed, thereby increasing slightly the land-sea temperature gradient. AOME is 
also consistent, both in magnitude and spatial pattern, with the reanalysis data in showing local 
temperature maxima over the Arabian Peninsula and northern African continent. At higher 
altitudes (Figure 14d), AOME produces temperatures less consistent with reanalysis and modelE 
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atmosphere only. AOME fails to produce the observed temperature maximum above northern 
Southeast Asia, and generally produces cooler temperatures over this region and over the 
Maritime Continent. The land-sea temperature contrast is therefore weakened at upper levels in 
the AOME. Toward the western Indian Ocean region, the temperature magnitudes and strength 
of the meridional temperature gradient are more consistent with reanalysis data.  
In JJAS, AOME produces surface temperatures over the northern Indian continent that 
are greater than the reanalysis data (Figure 13d), similar to temperatures produced by the 
atmosphere-only modelE. AOME retains the magnitude of the May temperature maximum in the 
northern Indian continent, well above the observed temperatures. The temperature over the 
Arabian Peninsula and northern Africa are more consistent with observations however, even 
when compared to modelE atmosphere only, which shows local maxima in these regions well 
above the reanalysis values. At altitude, AOME again generally produces cooler temperatures 
than the observed, showing a lesser local maximum over the Tibetan Plateau region than pictured 
in the reanalysis (not shown). Temperatures are also cooler toward the western northern Indian 
Ocean region, spanning from northern India to the Arabian Peninsula and northern Africa. These 
cooler temperatures again serve to decrease the land-sea temperature contrast at upper 
atmospheric levels.  
 In addition to weaker surface westerlies (and winds in general) over the Indian Ocean, 
AOME also displays a weaker Somali Jet than when compared to NCEP reanalysis and even the 
atmosphere-only modelE (Figure 15d). AOME does, however, simulate consistent Somali Jet 
spatial pattern as maxima in the westerly flow appears both off the coast of Somalia and then 
again off the eastern tip of India and Sri Lanka. The (weaker) westerly flow also extends well 
over the Indian continent, Southeast Asia and over the Maritime continent, patterns which are 
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again consistent with reanalysis. However, AOME does not simulate westerly flow extending 
from the African continent, as shown in the reanalysis and also produced by the atmosphere-only 
modelE. Rather, a larger region of weak easterly flow is simulated, which extends well onto the 
Arabian Peninsula. Similar to the AOME produced surface wind patterns, AOME also produces 
weaker easterlies over the southern Indian Ocean than when compared to reanalysis.  
 The Tropical Easterly Jet (TEJ) as simulated by the AOME exhibits some differences 
when compared to the reanalysis and atmosphere-only modelE (Figure 16d). Firstly, the 
maximum simulated by AOME is located over the eastern portion of the Indian Ocean, 
extending from the Bay of Bengal to the equatorial Indian Ocean. This is in contrast to the 
atmosphere-only modelE (and Model 3), which depict maximum values towards the western 
Indian Ocean and Arabian Sea, and it also contrasts reanalysis data, which shows strong easterly 
flows over the entire northern Indian Ocean. Secondly, the AOME TEJ weakens rapidly to the 
east and west of the maximum region. Importantly, the jet exit region does not extend as far over 
northern Africa as shown in the reanalysis and simulated by the other models. Overall the winds 
at all levels simulated by AOME are weaker when compared to the reanalysis and even to the 
other models.  
AOME produces a relative humidity increase between July and April that is generally 
consistent with reanalysis (Figure 17c). The maximum increase (of about 50%) is concentrated 
off the west coast of India and eastern Arabian Sea, and does not extend as far north onto the 
Indian subcontinent as shown in the reanalysis and other atmosphere-model simulations. 
However, most of the Arabian Sea, Bay of Bengal and Southeast Asia are shown to be covered 
by an increase in relative humidity, a pattern consistent with reanalysis, even of less magnitude. 
The decreases in relative humidity pictured in the northern tropical far eastern and far western 
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Indian Ocean are also consistent, in magnitude and their spatial pattern, with reanalysis. AOME 
also produces smaller increases in relative humidity off the coast of East Africa and over the 
African continent, consistent with those features shown in the reanalysis data. This feature is not 
present in the atmosphere-only modelE.  
 The AOME greatly overestimates the rainfall over the northern Bay of Bengal, which is a 
major center for SASM precipitation (Figure 18d). The model also translates the center of 
rainfall in this region slightly further east. The model underestimates the rainfall over much of 
the central and southern Bay of Bengal as well as over the northeastern Indian continent. The 
model does reproduce the rainfall center over the southwestern Indian continent, but the model 
does not reproduce the spatial extent of this rainfall northwards over the western Indian coast. 
Like the atmosphere-only modelE, the coupled modelE does underestimate the equatorial Indian 
Ocean rainfall and the rainfall over the western tropical Pacific Ocean. The model also produces 
excess rainfall off the East African coast when compared to observations.  
 At upper levels, anticyclonic vorticity dominates the northern Indian continent, 
Himalayan and Tibetan Plateau region, the Bay of Bengal and Arabian Sea, extending toward the 
Arabian Peninsula and northern Africa. Anticyclonic maximum can be found near and just south 
of the Tibetan Plateau region, relative to the ECMWF reanalysis (Figure 19d). The AOME does 
not produce as cohesive a Tibetan Anticyclone as pictured in the reanalysis, however, as the 
maximum appears to be dispersed among several areas surrounding the Plateau. AOME also 
does produce small regions of cyclonic vorticity over the southern tip of India and over East 
Africa. Although these features are not as extensive as that picture in the reanalysis, they are 
consistent, and have similar spatial patterns to those produced by the atmosphere-only modelE.  
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The MI Index produced by the AOME exhibits the greatest underestimation of the 
observed timeseries compared to the other models, with slightly more variability (1.68 m/s), 
although not as much as displayed by Model 3.  The weak MI index (Figure 20) is consistent 
with the weaker winds depicted above at both high and low levels in the atmosphere, and 
signifies the generally weaker dynamics monsoon circulation depicted in AOME.  Although the 
timeseries is relatively short for all three models and observations, we can see that AOME does 
not produce some of the characteristic peak (or minimum) events shown in the observed series, 
such as the minimum that occurred in 1972 or the small, relative maximum that occurred in 
1970. AOME produces an IMR index that more closely resembles the observed IMR (Figure 21). 
In looking at the timeseries, AOME is able to reproduce (although not to full magnitude) many 
of relative minima in the IMR over the time domain. The maxima are less well simulated. 
AOME yields an IMR variability close to that of the observed as well – 82 mm/day, and is the 
most realistic of the models both in terms of its magnitude and variability.  
Sea surface temperatures (SSTs) produced by the AOME are here compared to those 
used to force the specified Models above, specifically the HadISST data set. May sea surface 
temperatures in the northern Indian Ocean, specifically in the Arabian Sea, are nearly at their 
maximum in May, prior to the onset of the SASM (continental temperatures are also at a 
maximum, as shown above). In Figure 22, we can see that the May temperatures over the central 
Arabian Sea reach nearly 29˚C – 30˚C, with slightly cooler temperatures occurring in the 
northern Arabian Sea. Temperatures in the tropical/equatorial Indian Ocean remain around 26˚C 
– 27˚C and extend toward the East African coast. 29˚C temperatures also prevail over the Bay of 
Bengal and the Maritime continent. AOME produces generally the same spatial patterns of SSTs 







Fig 22. May Sea Surface Temperatures averaged between 1960 and 2000 for a) the HadISST 
Data and b) the coupled ModelE 20th century run. The model produces warmer SSTs in the 
western Pacic Ocean compared to the observations. The coupled ModelE also produces 







 Arabian Sea, where the central Arabian Sea temperature maximum is somewhat less than the 
observed. Temperatures in this region are within a half degree of the observed, however 
temperatures here do not fluctuate much and vary between 27˚-28˚C the rest of the year. In 
addition to the slightly cooler temperatures of the northern Indian Ocean, Arabian Sea and Bay 
of Bengal, AOME also produces slightly warmer temperatures in the equatorial Indian Ocean 
which then extend to the East African coast. SSTs surrounding the Maritime continent are shown 
to be warmer than the observed, as are the SSTs in the western tropical Pacific Ocean.  
AOME displays some more substantial differences in JJAS (Figure 23), particularly in 
the far western/northern Indian Ocean. Firstly, the characteristic cooler temperatures off the coast 
of East Africa, Somalia and the Arabian Peninsula, shown in the HadISST, are due to the 
southwesterly winds, which intensify during JJAS and run parallel to the coast up to the Arabian 
Sea, where the experience an anticyclonic turning to converge over the Indian continent. These 
winds create divergence and upwelling off these coasts, which make for cooler temperatures, 
averaging around 25˚C. The cool temperatures give a general indication as to the strength of the 
winds. However, temperatures in these regions produced by the AOME do not cool to this 
degree – and largely these temperatures do not cool at all in the far western Arabian Sea, which 
indicates that the degree of upwelling characteristic of the monsoon is not being simulated. 
Warmer temperatures are simulated throughout the Arabian Sea, by as much as 1˚C in some 
areas. Additionally, simulated temperatures over the equatorial Indian Ocean region and over the 
Maritime continent are generally warmer as well when compared to observations. AOME 
temperatures produced in the Bay of Bengal are more consistent with the observations. Across 
the equatorial Pacific, temperatures warmer than the observed are simulated, which includes the 







Fig 23. JJAS Sea Surface Temperatures averaged between 1960 and 2000 for a) the HadISST 
Data and b) the coupled ModelE 20th century run. The coupled ModelE generally produces 






 Generally, modelE underestimates the potential temperature at 75m depth within the 
Indian Ocean equatorial region – a region sensitive to climatic changes as highlighted by Alory 
and Meyers (2009). Note the scale difference between the NCEP/GODAS data in Figure 24a 
versus the AOME temperature scale in 24b. The NCEP/GODAS data shows that, during JJAS, 
lower potential temperatures exist in the western equatorial Indian Ocean relative to the eastern 
equatorial Indian Ocean. Higher potential temperatures exist in the central Arabian Sea. AOME 
reproduces the potential temperatures more accurately in the Bay of Bengal and Arabian Sea in 
that these temperatures are warmer compared to the rest of the Indian Ocean region, particularly 
toward the western equatorial Indian Ocean. AOME also produces distinctly lower potential 
temperatures in the tropical Pacific Ocean, particularly in the eastern equatorial Pacific Ocean. 
 
6. Discussion: General Circulation Models and the South Asian Summer Monsoon 
6.1 The modelE (atmosphere-only) representation of the SASM 
ModelE reproduces the general features of the SASM, such as the positioning and timing 
of the driving temperature gradient, the structure of the heat low region and the general locations 
of the high and low level jets that are pivotal to indicating the strength and variability of the 
observed monsoon. ModelE tends to fall short of more accurate simulation with respect to the 
magnitude of the SASM intensity, the position of its major circulation systems (such as the 
Tibetan Anticyclone) and the seasonal rainfall total as well as the interannual rainfall variability.   
ModelE’s low surface pressure bias contributes to its production of a more substantial heat low 
than observed and, coupled with the stronger-than-observed northern Indian surface temperatures 
in May, suggests a stronger monsoon intensity than is simulated. Part of the reason for this 
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Fig 24.  JJAS Potential Temperature at 75 m depth averaged between 1980 and 2005 for 
a) NCEP GODAS reanalysis data and b) the coupled ModelE 20th century run. The coupled 
ModelE underestimates the potential temperature at depth over most of the domain 






 to observations, as the magnitude of the north-south temperature gradient is not preserved at 
upper levels in the atmosphere. Because the May temperature gradient is the maximal gradient 
experienced in the region annually, and is pivotal to the onset strength of the SASM, the 
simulated decreased upper level gradient may have a significant effect in helping to under-
simulate the interannual MI index. This effect may partially contribute to the weaker 
southwesterly surface wind and Somali Jet in JJAS. Indeed, even the simulated upper level 
Tropical Easterly Jet is diminished in strength at its entrance region over Southeast Asia. Despite 
the generally weaker wind fields, modelE does reproduce the interannual variability of the 
Monsoon Intensity fairly well. 
The Tibetan Anticyclone, important for many reasons and one of which is the 
contribution to the upper-level Tropical Easterly Jet, is not well simulated by modelE, as the 
model displays a great deal of vorticity variability over the confined Tibetan region. One of the 
reasons for this inadequate simulation may lie in a conversion between model grids, from sigma 
coordinates to pressure coordinates, over highly varying orography. As this conversion impacts 
the upper level U and V winds, from which vorticity is directly computed, the direct transition 
from negative to positive vorticity over the Himalayan and Plateau regions is indicative of this 
stark conversion. Although there is a strong negative vorticity component over the Tibetan 
region, the Anticyclone itself may be weaker due to the neighboring strong cyclonic maximum 
and could therefore contribute less to the entrance of the Tropical Easterly Jet, making it weaker 
in its entrance region. 
The moisture convergence over the Indian continent and northern Indian Ocean is similar 
to the observed, if not slightly weaker in that it covers a smaller area. Despite this, rainfall over 
the typical SASM maximum areas is excessive, so much so that this skews the seasonal rainfall 
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totals to be well above the observed, as indicated by the IMR index. However, modelE does not 
reproduce the other regional rainfall centers well, including those over the tropical Indian Ocean. 
Additionally, the interannual variability of the SASM rainfall is not fully captured by modelE, as 
it tends to underestimate the degree of variability slightly.  
 
6.2 The Model 3 (atmosphere-only) representation of the SASM 
The atmosphere-only Model 3 displays many similarities to the modelE SASM in its 
interannual rainfall tendency and overall MI index intensity. There are, however, some distinct 
differences from the atmosphere-only modelE in its simulation of the upper level atmospheric 
features. Firstly, Model 3 display a more accurate driving pressure gradient than modelE, even 
though, like modelE, it displays a larger expanse of the heat low. However, Model 3 also 
overestimates the surface temperatures over the Indian continent with respect to observations, 
even more so than modelE, again suggesting a stronger SASM dynamic intensity. However, at 
upper-levels, the temperatures are considerably cooler compared to observations and to modelE 
simulations. Even though upper level temperatures produced by Model 3 are cooler compared to 
the other models and observations, unlike modelE, Model 3 does somewhat preserve the 
magnitude of the meridional temperature gradient between northeastern India and the tropical 
Indian Ocean, perhaps contributing the stronger upper level easterly flow. 
 Despite the seemingly stronger meridional temperature gradients, Model 3 does not 
simulate the full magnitude of the southwesterly surface winds shown in the observations and 
maintains a weaker dynamic MI index than the observed. This result for the Indian Ocean region 
is perhaps inconsistent with the general tendency of Model 3 to overestimate tropical 
precipitation, as one result of this overproduction of rainfall is to generate more realistic Hadley 
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Cell transport. In the reverse overturning of the SASM, however, the intensity of the transport is 
weaker, even though Model 3 does overproduce rainfall in the region, similar to modelE. The 
rainfall is additionally more variable interannually than the observed rainfall and much more 
highly variable than the interannual rainfall produced by modelE.  
However, the upper level Tropical Easterly Jet simulated by Model 3 is much more 
consistent with observations than that simulated by modelE, in that the maximum jet speeds are 
retained from the entrance to the exit regions across the northern Indian Ocean and Indian sub-
continent. The strength of the jet is one indicator of the strength of the SASM meridional 
transport and is, hence, simulated more accurately despite the weaker MI index and low-level 
winds.  
 
6.3 The modelE AO-GCM representation of the SASM 
The inclusion of the ocean component in the modelE AOGCM (AOME) creates perhaps 
one of the most apparent differences between the coupled model simulation of the SASM and the 
atmosphere-only models – the more accurate simulation of the magnitude and variability of the 
SASM rainfall. Although in looking at the short timeseries, it is apparent that many of the 
maximum and minimum annual rainfall totals are not consistent between the coupled model and 
observations. In comparison to the overestimates and more inconsistent variability produced by 
the atmosphere-only models, the inclusion of the ocean processes is an improvement. The ocean 
appears to constrain, perhaps even regulate, the intensity of the monsoonal rainfall in the model, 
similar in some respect to its actual role in the observed SASM system. Spatially, AOME 
produces realistic rainfall magnitudes over the southeastern tip of India, but it does tend 
overestimate the rainfall over the Asian continent, north of the Bay of Bengal.  
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Other features of the SASM are not as well modeled by AOME, specifically with respect 
to the monsoon intensity. Similar to the other models, AOME also overestimates the surface 
temperature maximum over the Indian continent in May and JJAS. Despite this, AOME, like the 
other models, shows a weaker temperature gradient at upper levels in the atmosphere. The MI 
index in AOME is the weakest of any of the models, and this result is confirmed by weaker-than-
observed southwesterly surface winds, Somali Jet and Tropical Easterly Jet. Interestingly, 
AOME shows a maximum in the Tropical Easterly Jet in the jet entrance region, unlike the 
results produced by the atmosphere-only modelE. The AOME Tibetan Anticyclone is among the 
most coherent produced by the models. Strong anticyclonic rotation is displaced further 
southward than in the other models as well, perhaps contributing more to the Tropical Easterly 
Jet entrance region. However, the temperature gradients and overturning appear to weaken more 
toward the western Indian Ocean and Arabian Sea, at which point the TEJ weakens substantially.  
The weaker winds, in the case of AOME, could also be due to the weaker meridional SST 
gradients produced in AOME. The Indian Ocean SSTs do not display much variability within a 
year, perhaps a change of 1.5˚C in the northern Indian Ocean and Arabian Sea between spring 
and winter, and so reproducing this subtle response can prove challenging. In May, AOME 
slightly underestimates the warming of the Arabian Sea relative to observations, which makes for 
a slightly weaker SASM onset. However, more substantial differences appear during the height 
of the SASM in JJAS. Because of the substantially weaker cross-equatorial southwesterly flow, 
due to weaker temperature gradients overall, the AOME fails to reproduce the cooler SSTs 
associated with the region of upwelling along the African and Arabian coasts. Interestingly, 
AOME does however reproduce the cooler (potential) temperatures at depth off the East African 
coast, also a region of upwelling and where strong westerly winds occur. Despite the cooler 
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temperatures at depth, the marked surface meridional temperature gradient that exists through the 
Arabian Sea during these months, and the relative evaporative cooling of the Arabian Sea SSTs 
are not produced. Furthermore, the model overestimates the amount of net heat flux into the 
northern Indian Ocean (particularly towards the western Indian Ocean) during the summer. This 
increase in heat flux down into the ocean is consistent with the increased SSTs that are also 
produced by the model relative to the observed SSTs. Increasing the whole northern Indian 
Ocean SSTs can serve to lower the meridional temperature gradient that drives the monsoon.  
The fact that waters warm at depth in the AOME also implies a weaker equatorward 
transport of heat. The model does show a small export of heat from the northern Indian Ocean 
during JJAS (see Appendix, Figure 6), but these results indicate that the role of ocean dynamics 
in the Indian Ocean during the SASM is not as significant as it should be. 
These issues could play a role in weakening the upper and lower level windfields, as 
shown, as the temperature gradients needed to sustain the dynamic monsoon intensity are heavily 
diminished during the height of the season. This of course, is mentioned here with the caveat that 
there is some inconsistency between data products in accurately estimating the net heat flux into 
portions of the Indian Ocean (Schott et al., 2009). The model, however, does produce a weak 
ocean heat export equatorward from the northern Indian Ocean during the summer – the inherent 
regulatory effect of the ocean on the atmospheric SASM system.  
 
6.4 The GISS Model Intercomparison of the SASM 
The three GISS models tested here all display differing strengths and weaknesses in 
simulating the South Asian Summer Monsoon. None of the models simulate the SASM 
accurately in its entirety. When forced with the observed monthly SSTs, the atmosphere-only 
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GISS models are able to better simulate the dynamic strength of the monsoon, although this still 
is underestimated, and the interannual variability of the monsoon strength. The interannual 
variability of the monsoon strength is highly regulated by ocean heat transports. Although these 
transports are not explicitly incorporated into the AGCM, the monthly varying SSTs used to 
force the model incorporate some of this mechanism, as the oceanic movement of heat 
equatorward from the northern Indian Ocean regulates the SSTs themselves. The models’ 
underestimate of the MI Index may be due to their inability to accurately simulate the high-
altitude meridional thermal gradients. The atmosphere-only GCMs are also unable to adequately 
reproduce either of these rainfall characteristics in monsoon, although they are able to broadly 
reproduce the maximum areas of the southwestern Indian coast and the northern Bay of Bengal. 
Nearly half of the atmospheric models’ produced rainfall is convective (not shown), which, 
alone, is nearly as much rainfall as observed over the region.  Despite this, the July-April 
moisture convergence is slightly weaker than observed, although the model does generate a 
stronger evaporative flux south of the equator – which is known to contribute nearly 30% of the 
moisture during the SASM. However, less evaporative flux occurs over the northern Indian 
Ocean (Arabian Sea, not shown).  
The coupled modelE, however, does simulate the SASM rainfall magnitude and 
interannual variability more accurately, in contrast to the atmosphere-only models. The 
incorporation of the ocean regulatory system may have contributed to this result. However, the 
coupled model substantially underestimates the dynamic monsoon component relative to not 
only the observations, but also to the atmosphere-only models, which may be better to use when 
assessing changes to the SASM strength. Additionally, the regulating effects of the coupled 
model, though present in the rainfall results, are not quite accurately simulated either, as 
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significant areas of seasonal upwelling and the SST gradients necessary to maintain the SASM 
circulation on some level are not present. The Indian Ocean seasonal heat transports must be 
improved in order to fully capture the nearly closed monsoonal heat cycle. Additionally, and 
important for the monsoon region, the reason for the coupled modelE’s inability to produce the 
western Indian Ocean upwelling during JJAS must be further investigated. One important issue 
is that the southwesterly cross-equatorial flow is not as strong as observed, and therefore the sea 
surface stress is not as great in this region. However, the winds rely strongly on the meridional 
temperature gradients between the land and ocean, and so a warmer tropical ocean and cooler 
northern Indian Ocean (relative to observations) imply that the problem is coupled and is not 
completely attributed to the wind strength alone.  
Generally, all three models appear to have difficulty simulating the upper-atmospheric 
warming over the northern Indian continent, generating cooler temperatures that weaken the 
driving SASM temperature gradient. This occurs despite the stronger warming at the surface in 
northern India generated by all three models. Overall, these conditions contribute to the weaker-
than-observed monsoon intensity in all models. Incorporating ocean dynamics can improve the 
models’ ability to simulate the general magnitude and variability of rainfall, although differences 
between individual years are less well simulated and rely heavily on appropriate heat transports 
intra-seasonally. Reproducing the rainfall may be among the more challenging problems in 
simulating the monsoon do to the steep spatial rainfall gradients and varying orography that 
impact the (currently) sub-grid moisture processes. When evaluating SASM rainfall impacts, 
however, the coupled model may be a better tool to use in that it more accurately captures the 
average magnitude and variability. However, when evaluating the dynamic monsoon strength, 
the atmosphere-only models (forced with the observed time-varying SSTs) may more accurately 
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capture the important circulation features. However, the atmosphere-only models’ ability to 
better capture the monsoon strength may lie in their tendency to over-simulate the monsoonal 
rainfall, as described in Rind et al. [2007]. Reconciling the rainfall and the dynamic monsoon 
strength in one  (GISS) model will demand the inclusion of the dynamic ocean to regulate the 
monsoonal rainfall while maintaining the appropriate lower and upper level temperature 
gradients that sustain the dynamic monsoon intensity.  
 
7. Conclusions 
 This study assessed the capacity of the GISS modelE, Middle Atmospheres Model 
Version 3 (Model 3), and modelE coupled to the Russell-Schmidt Ocean model to reproduce the 
major features of the South Asian Summer Monsoon (SASM) system. The models simulations 
were run with the monthly-observed specified sea surface temperatures from 1960 to 2005 and 
the relevant model results were compared to NCEP and ECMWF Reanalysis data averaged for 
the same time periods. Generally, the models are able to reproduce the major spatial features of 
the SASM, which include the spatial characteristics of the Somali Jet, Tropical Easterly Jet, the 
Tibetan Anticyclone and the major centers of monsoon rainfall (southwestern India and the 
northern Bay of Bengal).  
 Although the models are able to reproduce the spatiality of the major features of the 
SASM, the models fall short in reproducing the magnitudes of these features and their 
interannual variability. All the models underestimate the strength of the vertical shearing of the 
zonal winds associated with the SASM’s meridional temperature gradients and described by the 
Monsoon Intensity Index. The atmosphere-only modelE best simulates the magnitude of the 
observed MI index, although the Model’s interannual MI index still underestimates the observed. 
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The atmosphere-only modelE also captures much of the interannual variability of the MI index. 
Model 3 and the coupled modelE are less successful in capturing the magnitude and variability 
of the observed interannual MI index. The coupled modelE in fact greatly underestimates the 
strength of the monsoonal winds.  
 The atmosphere-only models generally substantially overestimate the observed monsoon 
Indian Monsoon Rainfall (IMR) index. Additionally, the models do not reproduce the interannual 
variability accurately. However, modelE coupled to the Russell-Schmidt ocean model does do 
better in reproducing both the magnitude and variability of the IMR index.  
 When evaluating the SASM in future or past climate change simulation using the GISS 
suite of models, based on the above models’ validation, it appears that utilizing a combination of 
the atmosphere-only and coupled modelE would yield the most information about all 
components of the SASM system. The atmosphere-only modelE is able to better reproduce, 
when compared with relevant reanalysis data, the dynamic quantities of the SASM associated 
with its atmospheric circulation and dependent upon the important regional temperature 
gradients. These quantities include the zonal windfields at all altitudes, the quasi-stationary 
cyclones and the Tibetan Anticyclone. modelE coupled to the Russell-Schmidt ocean model is 
perhaps best used to evaluate changes in the SASM rainfall, convection centers and regional 
Indian Ocean precipitation under climate change conditions. The coupled modelE is better able 
to reproduce the observed magnitude and variability of the SASM moisture cycle.  
 Specified atmosphere-only simulations appear to reproduce (although slightly 
underestimate) the dynamical features of the monsoon at the expense of severely overestimating 
the rainfall. The coupled model appears to greatly underestimate the strength of the atmospheric 
circulation features of the SASM while displaying and improved simulation of the SASM 
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rainfall. Future model development, specifically in the way of improving the models’ capacity to 
simulating Indian Ocean atmospheric circulation, may then focus on the linkages between the 
driving monsoon temperature gradients, the dynamic circulation patterns and the moisture 
transport, convection and rainfall. 
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Changes in Indo-Pacific SST patterns, as well as high latitude warming, is evidenced in 
paleo-climate proxies, recent observed trends and is projected by IPCC AR4 climate model 
simulations. These climatic changes may potentially alter both the climatology and variability of 
South Asian Summer Monsoon in both its circulation and rainfall distribution. Pliocene 
simulations, for example, suggest that the Indian Monsoon rainfall is less susceptible to the SSTs 
of the tropical Pacific, and that the monsoon strength operates at near modern intensity, despite 
having globally warmer conditions.  
This study examines the contributions of changes in the Indo-Pacific SSTs and high-
latitude warming to the atmospheric circulation and dynamics of the South Asian Summer 
Monsoon. The GISS modelE is used to simulate climates with a tropical Indian Ocean Dipole 
(IOD)/El Padre forcing, with Pliocene IOD/ El Padre forcing and with projected global warming 
conditions based on the RCP8.5 emission scenario (used in the new IPCC Fifth Assessment 
Report). The major SASM circulation features produced by the simulations are compared and 
contrasted to ascertain the impact of each variation of climatic warming. A comparison of 
Pliocene and Future climate conditions is also discussed to assess how much the Pliocene may 
inform us about future climatic changes to the Indian Ocean region. 
The intensity of the SASM circulation system weakens in all simulations. The modern 
simulation, incorporating the tropical IOD/El Padre forcing only, produces the weakest SASM 
response, highlighting the importance of the regional temperature patterns and gradients. The 
Pliocene and Future climate simulations produce similar decreases to the SASM system, 
although the localized climate patterns display distinct differences that complicate a direct 
comparison of the Pliocene with Future warming in the Indian Ocean region. Overall, the 
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regional relative temperature differences, both zonally and meridionally, are important to the 




 Understanding the response of the South Asian Summer Monsoon (SASM) to future 
climate change is paramount to the future survival and development of peoples surrounding the 
Indian Ocean region, from East Africa to the Indian subcontinent to Indonesia and the Maritime 
Continent. For example, nearly 60% of India’s agricultural production alone is rain-fed (Krishna 
Kumar et al., 2004), and therefore purely dependent on the timeliness and consistency of the 
summer rainfall, largely resultant from the moisture convergence associated with the large-scale 
SASM system. Current studies and monitoring of SASM circulation indices indicate a slight 
weakening of the dynamic monsoon intensity, also concurrent with a rise in Indo-Pacific sea 
surface temperatures (SSTs) and even agricultural irrigation practices, although no concrete 
trends are apparent in the rainfall variability (Preeti et al., 2009). However, SASM failure in the 
form of altered rainfall patterns, in any sense from onset to demise, can hurt highly sensitive 
crops that form the staples of the African, Indian and Southeast Asian diets (Krishna Kumar et 
al., 2004).  
 Understanding the impact of rising surface temperatures, particularly in the form of rising 
SSTs, is of prime importance. The SASM is created, and indeed derives much of its initial 
strength, from the temperature differences between the Indian subcontinent and the equatorial 
Indian Ocean. The warmer continent and relatively cooler ocean establishes a meridional 
temperature and pressure gradient that demands the convergence of strong southwesterly surface 
winds which bring moisture to the parched lands (Webster, 2006). Any change in this meridional 
gradient can either weaken or intensify the monsoon, should temperatures rise either over the 
Indian Ocean’s surface or land surface, respectively. Should the SSTs increase substantially 
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compared to the land temperatures (as suggested by current observations) due to anthropogenic 
warming, then the SASM circulation is subject to weaken into the future.  
 Furthermore, the distribution of SST warming over the Indo-Pacific Ocean basins may 
also impact the SASM flow. Should the eastern equatorial Pacific Ocean start to warm compared 
to the western Pacific (the “permanent El Niño” or El Padre phenomenon tested throughout this 
dissertation), the canonical Walker circulation cell of the Pacific, characterized by rising motion 
and strong convection to the west and drying subsidence toward the east, will weaken, changing 
the nature of the tropical circulation and the location of convection and drying centers. If the 
western Indian Ocean warms more than the eastern Indian Ocean (the “permanent Indian Ocean 
Dipole” or IOD also tested in this dissertation), there is a potential for a Walker-like cell to be 
established over the tropical Indian Ocean, which is typically void of such a cell (Shukla et al., 
2011 and references therein). This west-to-east circulation cell over the mean tropical Indian 
Ocean could potentially alter the cross-equatorial flow and moisture convergence associated with 
the SASM.  
For example, under the Pliocene boundary conditions tested in Chapters 1 and 2 of this 
dissertation, it was found that an El Padre and permanent IOD created a wetter environment in 
East Africa, indicated by increased rainfall associated with the IOD-established western Indian 
Ocean convection center (Shukla et al., 2009). Portions of India also experienced more rainfall, 
whereas the Maritime Continent underwent extreme drying. The latter resulted from the dual 
drying effects of the IOD and El Padre conditions, which, induce subsidence over the Maritime 
Continent and cause an eastward shift in the strong western tropical Pacific convection center. 
Pliocene conditions, which include a large amount of high latitude warming in addition to the 
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IOD and El Padre-like tropical warming, served to weaken the SASM circulation and 
atmospheric teleconnections to and from the Indian Ocean region. 
 Under future climatic conditions, which are projected to warm the eastern equatorial 
Pacific Ocean, the Indian Ocean region and high latitudes, the SASM circulation may undergo 
changes that are similar to those produced in the Pliocene. This study examines the impact of 
tropical and high latitude warming on the SASM circulation. Additionally, this study will 
compare and contrast the Pliocene warming of the Indo-Pacific region to that projected by future 
warming simulations to understand how the model's response differs from a paleoclimatic period 
for which corroborating data sets exist.  Pliocene simulations, validated to the best of scientific 
ability using acquired paleo-proxy data sets, can yield insight into the mechanisms that change 
atmospheric circulation under warm climate equilibrated conditions. This understanding proves 
useful when trying to evaluate the physical consistency of future climate projections and where 
modeled processes might be further examined/tested. In turn, model simulations (such as that of 
future warming) test our understanding of climate processes and can give an understanding of 
why paleoclimatic intervals (such as the warm Pliocene) displayed certain circulation and 
climatic characteristics. Model simulations may also suggest regions from which additional 
Pliocene-period data needs to be collected. Together, model simulations of past and future 
climates, along with paleoclimate data sets, form an arsenal of methods and tools from which we 
can holistically analyze major climatic shifts.  
 
2. BACKGROUND: FUTURE PROJECTIONS OF THE SOUTH ASIAN SUMMER MONSOON 
 The future response of the South Asian Summer Monsoon (SASM) is dependent upon a 
number of factors, of which the primary factors are related to the warming surface and high 
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altitude temperatures of the Asian continent versus the Indian Ocean and regional atmospheric 
circulation patterns and global teleconnections.  
 Coupled general circulation models appear to converge on two general, albeit 
paradoxical, projections related to the SASM: that SASM seasonal precipitation will increase 
while the SASM general dynamic circulation intensity will decrease compared to the observed 
20th century SASM features (Christensen et al., 2007). This is true for both moderate and high 
emissions scenarios, and suggests that some regional climatic changes dominate over others to 
keep rainfall near, or above, the observed totals. The decline of the large-scale SASM circulation 
is largely attributed to an increase in dry static stability over the tropical regions, which cannot 
accommodate the temperature gradients necessary to initiate and sustain the full observed 
monsoonal flow, despite the large warming of the South Asian continental surface and the 
decline in wintertime snowfall (Ueda et al., 2006; Christensen et al., 2007; Kripalani et al., 2007; 
Sun et al., 2010). However, the relative increase in atmospheric water vapor and low-level 
convergence is more conducive to increased rainfall over the SASM region. Several studies have 
examined how each regional climatic forcing contributes to these projections in an effort to 
understand the future of the whole Indian Ocean climate dynamics.  
 The first of these forcings to be considered here is that of the Indian Ocean surface 
warming, which is projected to have a more prominent effect in the coming century, here shown 
Figure 1(Abram et al. 2008). Indeed, the equatorial Indian Ocean has already undergone a 
significant warming, outside the natural range of variability, by 0.5˚C - 1˚C over the 1960-1999 
period (Alory and Meyers, 2009). The water at thermocline depth, however, has undergone a 
cooling of the same magnitude, as the net atmospheric heat flux has declined. The latter effect is 
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Fig 1. Adapted from Abram et al. (2009). 20th century trends in Indian Ocean climatic conditons. a) Seasonal del18O anomaly 
showing warmer and wetter conditions in the west relative to the east Indian Ocean. b) Anomalies of wind speed showing 
conditions towards more easterly/southerly ow. c) Normalized rainfall anomaly showing wetter conditions toward the western 
tropical Indian Ocean and drier conditions toward the eastern Indian Ocean 123
  
center over the western tropical Pacific, which allows for increased easterlies over the tropical 
Indian Ocean surface, aiding in evaporation. The heat content of the southern Indian Ocean has 
increased, thought to be mainly driven by ocean dynamics and advection of heat into the region 
(though data in this region available for thorough study is sparse) (Levitus et al. 2005).   
 Indeed, future projections, as those referenced in Ihara et al. [2009], indicate that the 
trend of rising SSTs will be prominent throughout the 21st century. Figure 2 indicates that the 
pattern of SST warming is characterized by even warmer SSTs toward the western and central 
portions of the tropical Indian Ocean than in the eastern tropical Pacific, although much of the 
SSTs in the basin undergo a warming. Warming is also projected for the SSTs across the tropical 
Pacific Ocean. The warmer SSTs toward the western portion of the Indian Ocean is also 
consistent with the strengthened easterly flow across the tropics resulting from the weakened low 
pressure center over the far western tropical Pacific Ocean and Maritime continent, as described 
above (Ihara et al., 2009). The intensified tropical easterlies make way for cooler temperatures 
along the western coasts of the Maritime continent, conducive to upwelling along this region.  
 A warming of the tropical Indian Ocean SSTs can serve to both reduce the driving cross-
equatorial pressure and temperature gradients as well as increase the atmospheric static stability 
over the tropics, warming the upper layers of the atmosphere. This, in turn, would not provide 
enough energy to drive the onset of the SASM circulation cell (Ueda et al., 2006). A model 
intercomparison by Sun et al. [2010] indicated that a weakened upper level atmospheric 
temperature contrast between the northern Indian continent and the tropical Indian Ocean lead to 
a weakened SASM circulation, despite the increasing land surface temperatures, and decreased 
snow cover, with global warming. The warming of tropical temperatures at upper levels results 
from increased latent heat release, which highlights the importance of increases in tropical 
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Fig 2. Adapted from Ihara et al. (2009). AR4 General Circulation Model simulation of B1 Emissions Scenario.  2001-2100 annually averaged sea 
surface temperatures anomalies are shown (dierenced with the 20th century climate simulation) for eight climate models. Boxed regions 
































convection under warm conditions. In addition to the higher upper tropospheric temperatures, the 
observed strong high-altitude easterlies that characterize the SASM system also underwent a 
weakening in global warming simulations, further indicating a decline in monsoonal overturning 
circulation. 
 Lastly, an important consideration for future changes to the SASM may also include 
land-use change on the Indian continent, particularly in the form of irrigation. Northeast India is 
an intensely irrigated region during the dry seasons, and is an important region for the 
development of the surface driving meridional temperature gradients. Recent inclusions of 
irrigation profiles into the GISS modelE GCM have yielded a decrease in the Indian surface 
temperature by around 1˚C, especially in the northern regions – a decrease comparable to the 
increase in tropical SSTs over the same period, as discussed above (Puma and Cook, 2010). The 
authors additionally found that the incorporation of irrigation has the effect of decreasing the 
total SASM rainfall over India. As irrigation has the effect of lowering the land surface 
temperature, this could also be a contributing factor to decreasing monsoonal circulation 
intensity. Indeed, the decline in the MI index also occurs concurrently with the rise in irrigation 
since the 1970’s Green Revolution in India, as well as the rising tropical SSTs. As the timeseries 
for comparison is relatively short, the direct attribution of the decline in SASM intensity due to 
irrigation is difficult to establish. However, future projections of the SASM intensity and rainfall 
distribution should not be considered without the effects of widespread surface land-use change 
that is sure to occur on the Indian sub-continent. Suggested future work to this effect will be 
presented at the end of this chapter. 
 
3. MODELE AND SIMULATION SETUP  
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3.1 Description of modelE and Experiment Design 
 The Goddard Institute for Space Studies modelE (AR5 version) General Circulation is the 
first of three models used to reproduce the South Asian Summer Monsoon. modelE was run at 2˚ 
x 2.5˚ latitude x longitude resolution with 40 vertical layers in the atmosphere. The AR5 version 
modelE builds upon the modelE AR4 version discussed in detail in Schmidt et al. (2006) and 
Hansen et al. (2007), relating to climate simulations from 1880-2000. The AR5 modelE has an 
increased vertical atmospheric (40 layers) and oceanic resolution. AR5 modelE also exhibits 
improvements in cloud parameterizations and in the model code for sea-ice, ocean dynamics and 
the land-surface (Schmidt et al., in prep). The atmosphere-ocean model used in this analysis will 
be the GISS AR5 version modelE coupled to the Russell-Schmidt Ocean (RSO) model.  The 
RSO is run at 1˚x1.25˚ horizontal resolution with 32 vertical layers. The RSO model produces a 
realistic thermohaline circulation, but also produces an unrealistic El Niño variability. ME-AO 
produces approximately 0.9˚C warming over the 20th century, slightly greater than the observed 
~.75˚C warming. 
The atmosphere-only version of modelE will be used here to assess the sensitivity of the 
SASM circulation system to various warm climatic forcing scenarios. The simulations used here 
are described in Table 1. The Modern Control (Cont) is run with Modern boundary conditions 
and climatological sea surface temperatures (SSTs) averaged between 1960 and 1990. The 
Modern IOD/El Padre (ModIP), tests the effect of Indian Ocean Dipole-like and El Padre-like 
SSTs on the SASM, keeping all other modern boundary conditions constant. The Pliocene 
IOD/El Padre (PlioIP) is used to investigate the effects of the Pliocene boundary conditions with 
Indian Ocean Dipole-like and El Padre-like SSTs, on the SASM system. To compare to the 
PlioIP simulation, the 2090RCP simulation utilizes SSTs produced by the coupled atmosphere-
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ocean modelE (AOME) RCP8.5 scenario, averaged between 2090 and 2100, to run a specified 
simulation with modern boundary conditions and CO2 levels akin to the 2090-2100 average.  
This simulation will be compared to the PlioIP simulation to understand the consistencies and 
discrepancies between the two globally warmer climate conditions.  















The specified sea surface temperatures for the Modern Control simulation are shown in 
Figure 3, as obtained from the 1960-1990 monthly average of the observed HadISST dataset. 
The specified SST forcing for the Modern IOD/El Padre (ModIP) simulation are shown in Figure 
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Fig 3.  The Model E Modern Control specied annually averaged Sea Surface Temperatures 
(1961-1990 climatology). All forced simulations will be compared to this Modern Control run
Eq.
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Fig 4. Model E annually averaged Sea Surface Temperature anomalies with respect to the 
Modern Control simulation. 4a) SST anomalies for the Modern IOD/El Padre simulation 
(tropical warming and forcing only). 4b) SST anomalies for the Pliocene IOD/El Padre 
simulation, including Pliocene boundary conditions and global SST distribution from PRISM3 
Datasets. 4c) SST anomalies for the Future Averaged RCP8.5 simulation, obtained from the 












event and the Modern Control simulation from 15˚N to 15˚S. This difference was then applied to 
the Modern Control SSTs for every month, creating an annually permanent El Niño/IOD 
anomaly. The goal of this simulation is to understand the effects of a warmer tropical region, on 
the Indo-Pacific atmospheric circulation and SASM system. Figure 4b shows the specified SST 
forcing for the Pliocene IOD/El Padre (PlioIP). The IOD/El Padre features were again obtained 
from the November 1997 IOD/El Niño event. The sea surface temperature anomalies of these 
features were then added, from 15˚S to 15˚N, to the Prism 3 Sea Surface Temperature data 
created for the Warm Pliocene period (Dowsett et al., 2010).  Due to the extreme high latitude 
warming (and widespread lack of permanent high latitude ice sheets) during the Pliocene, the 
high latitude SST response is also one of extreme warming relative to the Modern Control run. In 
some areas, the North Pacific and North Atlantic, the warming exceeds 5˚C. As per the findings 
of Shukla et al. [2009], a permanent El Niño (El Padre) and Indian Ocean Dipole (IOD) is also 
featured in this SST forcing. Incorporating these features in the Shukla et al. [2009] studied 
enabled the model to better reproduce the regional Pliocene climates over the Indian Ocean 
Region and in North America, as indicated by Pliocene paleo-data sets. The goal of this 
simulation is to ascertain the impact of combined warmer high latitude SSTs and of the IOD/El 
Padre features on the Indian Ocean atmospheric circulation and SASM system. Additionally, this 
simulation may be compared to the Future Averaged RCP8.5 simulation (see Table 1 above) to 
compare the projected future climatic response to that of the Warm Pliocene climate, specifically 
with respect to the Indo-Pacific atmospheric circulation. The SST forcing used in the Future 
Averaged RCP8.5 (2090RCP) is shown in Figure 4c, differenced with respect to the Modern 
Control. This simulation uses as its SST forcing the monthly SSTs from the modelE coupled 
RCP8.5 simulation, averaged between the modeled years of 2090-2100. SSTs have risen 
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everywhere in this simulation, with a distinct El Niño-like warming in the eastern equatorial 
Pacific Ocean, where warming exceeds 5˚C. The Indian Ocean surface exhibits a warming fairly 
uniform across the tropics, with the warmest temperatures occurring along the equator. Warmer 
temperatures are present in a more widespread area in the western Indian Ocean and Arabian Sea 
than in the Bay of Bengal, particularly towards the north. At high latitudes, warming of the ocean 
surface exceeds 3˚C in some regions, namely the northern Pacific Ocean and the Southern 
Ocean. This simulation will be used to ascertain the impacts of warmer global sea and surface 
temperatures on the tropical Indian Ocean circulation and SASM system.  
 
3.2 The Modern Control Simulation South Asian Summer Monsoon System 
The temperature gradient at upper and lower levels between the Indian continent and the 
tropical Indian Ocean is its strongest in May, just prior to the onset of the SASM (in June). The 
modelE control simulation reproduces the major features of the May upper level temperature 
gradient between the northern Indian continent and the tropical Indian Ocean region (Figure 5a). 
modelE does, however, appear to produce cooler temperatures in the warmest region of the 
temperature gradient, northeast of the Bay of Bengal over Southeast Asia, extending toward the 
Tibetan Plateau. Generally, over most of the pictured region, temperatures are slightly cooler at 
high altitudes, although the magnitude of the gradient is akin to the observed. At the surface, 
modelE also produces cooler May temperatures than observed (Figure 5b), although the major 
observed temperature patterns are reproduced. modelE produces a temperature maximum 
southwest of the Tibetan Plateau over Northern India and over the southern Arabian Peninsula, 
major features of the observed spatial temperature pattern. The extent of this temperature 
maximum is smaller, however, in the modelE control simulation when compared to the observed. 
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Fig 5. a) Modern Control simulation May 300mb atmospheric temperatures. Note the  
temperature gradient between northern India and the tropical Indian Ocean b) Modern 
Control May surface temperatures. Note the heating maximum in northern India and the 
Arabian Peninsula relative to the tropical Indian Ocean 










The model also produces a wider region of very cool temperatures in May over the Tibetan 
Plateau when compared to the observed patterns in that region as well. Temperatures over the 
tropical Indian Ocean are cooler as well, and the model produces a meridional temperature 
gradient of similar magnitude to the observed.  
In June-July-August-September (JJAS), modelE reproduces a high-altitude regional 
maximum in temperature over the northern Bay of Bengal, extending toward the Himalaya and 
Tibetan Plateau and towards the western Pacific Ocean, while temperatures remain cooler over 
the high-altitude tropical Indian Ocean (Figure 6a). Although this pattern is consistent with the 
observed SASM features, modelE produces cooler temperatures over the entire Indian Ocean 
region than is observed. At the surface, modelE JJAS temperatures (Figure 6b) again reproduce 
the general temperature patterns characteristic of the SASM, which include regional temperature 
maxima over northern India and the Arabian Peninsula. ModelE does, however, produce warmer 
surface temperature in these regions than is observed, particularly over the northern Indian 
continent, southwest of the Himalaya and Tibetan Plateau. The temperatures across the tropical 
Indian Ocean are of a similar pattern and similar magnitude to the observed. ModelE also 
produces much of the observed pattern of the summertime (JJAS) heat low that spans northern 
India to the Arabian Peninsula, but spans a slightly greater area over northern India (Figure 7) 
than is observed, as the low extends further over China and the subtropical Pacific Ocean as well.  
Dynamically, modelE produces that characteristic monsoonal southwesterly patterns 
similar to the observed, but with weaker magnitudes. The modelE produced Somali Jet (Figure 
8) is weaker than the observed, particularly over the eastern Arabian Sea, over the Indian 
continent and over the southern Bay of Bengal. ModelE does produce a small region of 
maximum Somali Jet winds consistent with magnitude of the observed jet, just east of the Horn 
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Fig 6. a) Modern Control JJAS 300mb atmospheric temperatures.  b) Modern 
Control JJAS surface temperatures.  Note the heating maximum in northern India 
and the Arabian Peninsula relative to the tropical Indian Ocean. 
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Fig 7. Modern Control JJAS sea level pressure. Note the Monsoonal Heat Low region 
extending from the Bay of Bengal, over northern India, toward the Arabian Peninsula
Eq.
136
-15 -7.5 0 7.5 15
m/s
Fig 8. Modern Control JJAS Somali Jet (850 mb). The jet entrance region occurs o the Horn 




of Africa. The model also shows a maximum, of lesser magnitude than observed, just east of the 
tip of India, which is also indicated in observations. The pattern and trajectory of the Somali Jet 
produced by modelE is generally consistent with observations. The modeled jet extends over 
Southeast Asia to extend over the East China Sea toward the Pacific Ocean, again consistent with 
observations. At higher altitudes, the SASM system is characterized by the Tropical Easterly Jet 
(TEJ), which manifests in the thermal wind balance of the SASM overturning circulation. The 
modelE Tropical Easterly Jet is weaker than the observed, with the maximum in easterly 
windspeed concentrated over the equatorial Indian Ocean and over the Arabian Sea, towards the 
western portion of the basin (Figure 9). Maximum windspeeds also exist over the Maritime 
continent, but the jet is weak towards the Bay of Bengal and Southeast Asia. The jet weakens 
substantially compared to the observed TEJ over the southern tip of India and over the Indian 
Ocean just south of India. However, the general extent of the easterly flow captured in the model 
is consistent with the observed extent of the high altitude easterly winds.  
The monsoonal cyclones, which give rise to low-pressure centers that traverse the 
northern Indian continent, as produced by modelE are shown in Figure 10a. The cyclonic 
features produced by modelE show a regional maximum in the northern Bay of Bengal and a 
smaller maximum cyclonic turning region just north of the Horn of Africa, both consistent with 
observations. However, modelE produces these cyclonic features slightly south of the observed 
features, as northern India, typically characterized by cyclonic motion, exhibits anticyclonic 
motion in the model simulation. The model also produces a relatively strong maximum in 
cyclonic motion around the southern tip of India, which is not an observed feature. At upper 
atmospheric levels, the Tibetan Anticyclone is a prominent and dominating feature of the SASM 
circulation – its equatorward flank contributing in part to the TEJ in its entrance region. The 
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Fig 9. Modern Control Tropical Easterly Jet (200 mb). The Jet entrance region is 
approximately located to the east of the Bay of Bengal, over Southeast Asia and the Maritime 
continent. The jet exit region occurs over northern Africa. The Tropical Easterly Jet manifests as
 a result of the vertical shearing of wind do to the meridional temperature gradient
Eq.
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Fig 10. The Modern Control a) Mid-Level (600 mb) monsoonal cyclones indicated by 
positive vorticity over the Arabian Sea and Bay of Bengal. b) Upper-level (150 mb) Tibetan 
Anticyclone indicated by negative vorticity anomalies over the Tibetan Plateau, with a 





modelE Tibetan Anticyclone is less uniform and widespread compared to observations (Figure 
10b), which is partially due to the means in which the zonal and meridional winds are affected 
when traversing steep topography in modelE calculations. However, a region of strong negative 
vorticity is apparent over the general Tibetan Plateau region, and extends toward northern India 
and the Arabian Peninsula, consistent with observations.  
As described in Chapter 2, the KE’ fields, which indicate the generation of kinetic energy 
through vertical atmospheric motions, may be interpreted as an indicator for overturning 
circulation and can be used in conjunction with other dynamics fields (winds, vorticity, etc.) to 
understand large-scale atmospheric energy transfers of the mean and residual flow. ModelE 
produced KE’ shows KE generation occurring over southern India and the Bay of Bengal (Figure 
11) – areas in which the model also produces large amounts of rainfall and OLR minima. 
Generation also occurs over the central equatorial Indian Ocean and over the western tropical 
Pacific, which is characterized by large-scale convection and rising motion.  
ModelE’s JJAS precipitation response (Figure 12) captures the main regional rainfall 
maxima occur over the southwestern tip of the Indian Peninsula and over the (northern) Bay of 
Bengal and parts of northern Southeast Asia. ModelE produces a greater amount of rainfall over 
East Africa than is present in observations, although rainfall in much of the rest of the Indian 
Ocean basin, including the tropics is consistent with observations.  
 
4. THE SOUTH ASIAN SUMMER MONSOON RESPONSE 
4.1 The South Asian Summer Monsoon Driving Pressure Gradients 
 In May, the ModIP simulation shows prominent positive sea level pressure (SLP) over 
most of the Indian subcontinent, southern Arabian Peninsula, Arabian Sea, Bay of Bengal and 
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Fig 11. Modern Control (baroclinic) Eddy Kinetic Energy Generation (KE’). Notice the Pacic 
Ocean Walker Cell denoted by positive KE’ anomalies toward the western convective zone and 
negative anomalies toward the eastern cold tongue. Over the Indian Ocean, mean summer 
positive KE’ anomalies are shown over the major SASM convective and rainfall centers, while 
negative KE’ anomalies are shown over the western Arabian Sea and Indian Ocean
Eq.
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Fig 12. Modern Control simulation JJAS Precipitation. Note the strong rainfall values over the 
northern Bay of Bengal and southwestern India. These are typical rainfall maximum during 
the SASM season, but are overestimated in by ModelE
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the northern Indian Ocean (Figure 13a). These positive anomalies extend toward the eastern 
tropical Indian Ocean, over the Maritime Continent, the western tropical and subtropical Pacific 
Ocean. The strongest positive anomalies are shown off the east coast of India over the Bay of 
Bengal, and over the far north of the Indian sub-continent. These regions form the canonical path 
taken by low pressure systems during the SASM season and also characterize the SASM Heat 
Low region. Very slight negative anomalies are shown over the African continent and over the 
eastern tropical Pacific Ocean. In JJAS, the 300 mb height anomalies show positive anomalies 
above the IOD and El Padre forcing regions, echoing the warm underlying SSTs (see Figure 
14a). Positive height anomalies of a less magnitude extend over the Indian continent, however a 
negative height anomaly is shown to the northwest of the Indian continent, over the Pakistan 
region, extending from south Central Asia to the Pacific Ocean over eastern China.  
 The PlioIP simulation shows negative SLP anomalies over most of the pictured domain, 
including almost the entire Pacific Ocean and the tropical and southern Indian Ocean (Figure 
13b). The negative anomalies are weaker toward the Indian sub-continent, particularly around 
the eastern Arabian Sea and over the Bay of Bengal. A small region of positive SLP anomalies 
exists towards the northern Bay of Bengal and over the continent. Negative SLP anomalies are 
also greater over the western tropical Indian Ocean and over the eastern equatorial Pacific 
Ocean. The PlioIP 300 mb height anomalies show a similar pattern to the ModIP simulation over 
the tropics, particularly in the positive height anomalies over the El Padre and IOD forcing 
regions (Figure 14b). At higher latitudes, the PlioIP simulation produces positive 300mb height 
anomalies everywhere, with a maximum over the Pakistan region, northwest of the Indian sub-
continent.  
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Fig 13. May sea level pressure anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre simulation,
 b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. All simulations display similar anomalies, 
however the Pliocene simulation anomalies are all quiet negative. The high pressure pattern can be viewed as “less negative” 
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Fig 14. JJAS 300 mb Height anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation (note the change of scale). 










  Positive SLP anomalies are shown over the entire northern Indian Ocean and Indian 
subcontinent in May under 2090RCP conditions (Figure 13c). These anomalies are strongest 
over the Bay of Bengal (which is typically where the SASM low pressure systems originate and 
constitutes part of the SASM Heat Low) and extend from the southern Arabian Peninsula to the 
western Pacific tropical to mid-latitude region. Positive anomalies are also present over much of 
the Maritime Continent and over the central and eastern equatorial Indian Ocean. Negative SLP 
anomalies are present over the eastern tropical and subtropical Pacific Ocean and over the 
African Continent. The 300 mb height anomalies for the 2090RCP simulation are all positive, 
indicating the warming of the atmosphere at all levels with increased forcing (Figure 14c). These 
positive height anomalies are much greater than those of the other simulations, as indicated by 
the change in scale. The most positive height anomalies are found over the tropics, over the 
eastern tropical Pacific Ocean and across the tropical Indian Ocean.  
 
4.2 The South Asian Summer Monsoon Meridional Temperature Gradients 
Under Modern IOD/El Padre (ModIP) conditions, upper-level atmospheric May 
temperatures undergo pronounced changes from the Modern Control simulation. Figure 15a 
shows that temperatures over the Tibetan Plateau and northern India, a major region of high-
level heating in the pre-SASM phase, cool by several degrees. Over the tropical Indian Ocean, 
particularly towards the western part of the basin, upper-level temperatures warm significantly, 
reflecting the IOD-imposed warming at the sea surface. The resulting cooling over the continent 
and increased temperature over the tropical western Indian Ocean serve to reduce the 
temperature gradient that is primarily responsible for the strength of the SASM onset. At the 
surface, the IOD-imposed warming heats the lower troposphere to substantially raise the 
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Fig 15. May 300mb atmospheric temperatures anomalies (with respect to the Modern Control) shown for a) the Modern IOD/
El Padre simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. Note the altered pattern in 
the Pliocene simulation (b) compared to the other three simulations, in that the Indian continent and tropical Indian Ocean 








temperatures over the tropical Indian Ocean relative to the northern Indian continent (Figure 
16a). The northern Indian continent also undergoes a slight cooling at the surface as well, 
although small regions of northeast Indian and Southeast Asia display significant warming as 
well. Again, the cooling over the continent and the warming over the (western) tropical Indian 
Ocean serve to decrease the driving May meridional temperature gradient of the SASM. 
Significant warming is also shown over the El Padre forcing region in the eastern equatorial 
Pacific.  
 In JJAS, the temperatures at altitude (Figure 17a) over the Indian continent and Arabian 
Peninsula cool in the ModIP run relative to the Modern Control, while temperatures over the 
western tropical Indian Ocean warm, as per the specified IOD-type warming of the surface 
waters in this region. There is a particularly strong cooling north of the Arabian Peninsula, over 
southern Central Asia. Like the May-time temperature changes, this pattern serves to decrease 
the meridional temperature gradient at altitude. The JJAS surface temperatures in the ModIP 
simulation do not, however, depict the same decrease in the meridional temperature gradient 
(Figure 18a). Rather, the northeastern Indian continent warms substantially compared to the 
Modern Control run, as does the eastern flank of the Indian peninsula. The western tropical 
Indian Ocean also warms, due to the specified IOD-type warming of the SSTs in this region, but 
the warming is not as great as that viewed over the sub-continent. This warming pattern actually 
serves to intensify slightly the surface meridional temperature gradient relative to the Modern 
Control simulation. Due to the El Padre warming specified in the eastern equatorial Pacific 
Ocean, substantial warming relative to the Modern Control simulation is also shown in this 
region.  
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Fig 16. May surface temperature anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. Again note the cooling 








-10 -5 0 5 10
-5 -2.5 0 2.5 5
JJAS 300mb Temperatures (˚C)
JJAS 300mb Temperatures (˚C)
Fig 17. JJAS 300mb Temperature anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. Note the cooling over the Indian 
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Fig 18. JJAS Surface Temperature anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. Note the warming over the eastern 









At altitude, the May temperatures in the PlioIP simulation show a slight cooling over the 
Arabian Sea, Indian subcontinent, Bay of Bengal, and Southeast Asia that extends to eastern and 
central tropical Indian Ocean and past the equator (Figure 15b). Warming is seen over the 
western tropical Indian Ocean and over the central and eastern tropical Pacific Ocean, both of 
which are warmed by the IOD and El Padre specified forcings, respectively. At higher latitudes, 
warming of the upper atmospheric layers is prevalent due to the Pliocene boundary conditions. 
The PlioIP simulation generates a globally averaged annual surface air temperature increase of 
approximately 2.5˚C from the Modern Control. However, the May surface temperatures over the 
Indian Ocean region display a mixed response (Figure 16b). The northern Arabian Sea and Bay 
of Bengal cool slightly with respect to the Modern Control, as does the eastern equatorial Indian 
Ocean, where the cool pole of the IOD-like SST pattern is imposed. Surface temperatures 
increases towards the western portion of the tropical Indian Ocean, and towards the south of the 
equator. Much of the Indian continent itself warms, as does the eastern equatorial Pacific Ocean 
(where lies our El Padre forcing). Widespread warming is also apparent at higher latitudes, 
where the Pliocene boundary conditions also impart strong warming.  
 In JJAS at high altitudes, almost the entire Indo-Pacific Ocean area undergoes a warming 
in the PlioIP simulation. Concentrated warming occurs over the IOD and El Padre forcing 
centers (Figure 17b). A slight cooling and little change is depicted, however, over the eastern 
Bay of Bengal and over Southeast Asia, as well as over the greater Pakistan/Afghanistan region. 
The PlioIP simulation also depicts a slightly more pronounced warming over northern India, the 
Himalaya and the Tibetan Plateau. At the surface, the PlioIP simulation displays widespread 
warming over much of the northern hemisphere (Figure 18b). As per the IOD-like SST forcing, a 
warming is depicted toward the western tropical Indian Ocean while a cooling is shown in the 
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eastern equatorial Indian Ocean. The northern Indian Ocean, Arabian Sea and Bay of Bengal also 
display a distinct warming, with the maximum regional warming occurring off the Horn of 
Africa, near the warm IOD-forcing center. Much of the Indian continent warms as well, although 
some cooling is indicated toward the northern Indian continent and Himalaya. Strong warming is 
also shown over the Arabian Peninsula and northern Africa, although pockets of cooling occur in 
this region as well. Warming is prevalent throughout most of the tropical Pacific Ocean, with 
maximum regional warming in that basin occurring over the El Padre forcing towards the eastern 
tropics.  
 The 2090RCP simulation generates a globally annually averaged surface air temperature 
increase of approximately 3.5˚C, which is significantly warmer than the ModIP and PlioIP 
simulations. The excess warming produces much larger regional temperature changes as well, 
both at high and low altitudes. The May high altitude temperatures also undergo significant 
warming in the 2090RCP simulation (Figure 15c). The largest regional temperature increases are 
shown over the eastern tropical Pacific Ocean and the across the Indo-Pacific tropics in general. 
At altitude, the temperatures over the tropical Indian Ocean warm more (~5˚C) than those over 
the Indian continent and Tibetan Plateau (0˚C - 2˚C). Warming across the tropical Indian Ocean 
basin is fairly uniform. The 2090RCP May surface temperatures have increased everywhere, 
particularly over the Indo-Pacific regions, compared to the Modern Control run (Figure 16c). 
Local maximum increases, surpassing 5˚C, occur over the eastern African continent, over 
Southeast Asia and over the eastern equatorial Pacific Ocean. Surface temperatures over the 
Indian continent warm more than the surrounding Arabian Sea or Bay of Bengal. The western 
tropical Indian Ocean does experience a strong warming as well, though of slightly lesser 
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magnitude than that of the Indian continent. Extensive warming is also found over northern 
India, the Himalaya, and the Tibetan Plateau.  
At higher altitudes during JJAS, the warming bares similarity to that of the upper-level 
temperatures in May (Figure 17c). The tropical Indian Ocean and the eastern tropical Pacific 
Ocean are characterized by the greatest warming in the region. However, this warming does not 
extend completely across the Indo-Pacific tropics as shown in May. The western tropical Pacific 
Ocean does not appear to warm as much as either the tropical Indian Ocean or the eastern 
tropical Pacific Ocean. Temperatures over the Indian continent do not warm to the extent they do 
over tropical Indian Ocean. The Indian peninsula exhibits additional surface warming 
specifically towards the east during JJAS (Figure 18c). Surface temperatures warm over the 
western tropical Indian Ocean more so thank those over the eastern tropical Indian Ocean, a 
difference in warming between these regions of approximately 1˚C – 1.5˚C. Regionally warmer 
temperatures also occur over Southeast Asia and over the eastern tropical Pacific Ocean.   
   
4.3 Characteristic Wind Patterns of the South Asian Summer Monsoon 
 The ModIP produced Somali Jet undergoes substantial decreases in strength in entrance 
region, off the coast of the Horn of Africa (Figure 19a), near the maximal warming of the IOD-
type SST forcing. The decreases in low level westerly wind flow, a key characteristic of the 
cross-equatorial, convergent flow, are visible over all of the northern Indian Ocean and Maritime 
Continent. Likewise, the easterly flow that characterizes the tropical Pacific Ocean also displays 
significant westerly anomalies, particularly over the El Padre forcing region. At altitude, the 
Tropical Easterly Jet also displays a weakening through strong westerly anomalies pictured in 
Figure 20a. These westerly anomalies are present over the entire Indian Ocean basin, and have 
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Fig 19. JJAS Somali Jet (850 mb) anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. The Somali Jet weakens more 
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Fig 20. JJAS Tropical Easterly Jet (200 mb) anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. Decreases in the TEJ are more severe









maximum values over the western portion of the Basin, extending from the Arabian Peninsula to 
the south of the equator near Madagascar. The high level westerly anomalies are particularly 
strong over the IOD-like SST forcing. Over the tropical Pacific, high-level westerly anomalies 
are present over the western portion of the basin while slight easterly anomalies are shown over 
the eastern equatorial portion of the basin.   
Similar to the anomaly patterns seen in the ModIP simulation, the PlioIP simulation also 
displays significant decreases in the strength of the Somali Jet, specifically off the coast of the 
Horn of Africa (Figure 19b).  Strong easterly anomalies are present in this region and extend 
across all of the northern Indian Ocean over Southeast Asia and the Maritime Continent. Easterly 
anomalies also exist over the eastern equatorial Indian Ocean, while toward the western tropical 
Indian Ocean, slight westerly anomalies are present. Westerly anomalies are also present over 
the northern Arabian Sea, northeastern India and much of the tropical Pacific Ocean. The PlioIP 
produced Tropical Easterly Jet exhibits a slight strengthening over the Bay of Bengal and 
southern India (Figure 20b). The jet does undergo a weakening, in the form of westerly wind 
anomalies, over much of the tropical Indian Ocean and Arabian Sea. These westerly anomalies 
extend over the Horn of Africa, but are not as great as those shown in the ModIP simulation. 
Westerly anomalies extend across the tropical Indian Ocean basin and over the Maritime 
Continent. Easterly anomalies are present over the central and eastern tropical Pacific Ocean and 
also at higher latitudes over the Asian continent, particularly over China.  
 The Somali Jet undergoes a weakening in the 2090RCP simulation, particularly off the 
coast of the Horn of Africa, which is a pattern similar to the other forced simulations (Figure 
19c). The easterly wind anomalies extend from the Horn of Africa toward western tropical 
Pacific Ocean, covering all of the northern Indian Ocean, southern Southeast Asia and the 
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Maritime Continent. Westerly wind anomalies are apparent over the western tropical Indian 
Ocean and over the central and eastern portions of the tropical Pacific Oceans. Westerly wind 
anomalies are also present over the northern Bay of Bengal and over northeastern India. At 
higher atmospheric levels, the Tropical Easterly Jet also undergoes a large amount of weakening, 
shown in the form of westerly wind anomalies in Figure 20c. These westerly anomalies are most 
prominent over the western Indian Ocean basin, with maximum westerly anomalies present just 
south of the Arabian Peninsula and to the east of Madagascar. Weaker westerly anomalies are 
present over the entire Indian Ocean basin and over a large portion of the western tropical and 
subtropical Pacific Ocean. The weakest regional westerly wind anomalies are pictured over the 
Tropical Easterly Jet entrance region, over Southeast Asia and the Maritime Continent. A small 
region of easterly anomalies is shown over the eastern equatorial Pacific Ocean.  
  
4.4 Characteristic Circulation Systems of the South Asian Summer Monsoon System 
The characteristic cyclonic motion at mid-atmospheric levels over the Bay of Bengal and 
the Arabian Sea undergo substantial reductions, in the form of negative vorticity anomalies, in 
ModIP (Figure 21a). The maximum anomalies appear over the northern Bay of Bengal and over 
the southwest coast of India, but similar anomalies are present throughout the Arabian Sea. 
Regions of cyclonic anomalies dominate over the northeastern Indian Ocean basin (south of the 
Bay of Bengal), western Indian Ocean basin and south of the equator. Small high-altitude 
negative vorticity anomalies are present at altitude to the north and to the east of the Tibetan 
Plateau region, concentrated over the core of the Tibetan Anticyclone (Figure 21d). However, 
further from the center of the anticyclone, positive vorticity anomalies are present. Positive 






















Fig 21. JJAS Vorticity Anomalies with respect to the Modern Control for a) ModIP Mid-Level Cyclones, b) PlioIP Mid-Level 
Cyclones, c) 2090RCP Mid-Level Cyclones, d) ModIP  Tibetan Anticyclone, e) PlioIP Tibetan Anticyclone and f ) 2090RCP Tibetan
Anticyclone.  The Mid-Level cyclones undergo a weakening (negative anomalies) in all three simulations, with the 2090RCP 














Ocean region, which is also the region of the southern flank of the widespread Tibetan 
Anticyclone and the entrance region of the Tropical Easterly Jet.  
 The SASM mid-level cyclones as produced by the PlioIP simulation, over the Bay of 
Bengal and Arabian Sea, weaken from the Modern Control (Figure 21b). Significant decreases 
are shown over much of the Bay of Bengal, although increases in cyclonic motion are present 
towards the west, over northern India and eastern Arabian Sea. Negative vorticity anomalies are 
shown over the southern Arabian Sea and over much of the western north Indian Ocean. Positive 
vorticity anomalies are seen in the northeastern Indian Ocean and over the IOD forcing region in 
the western tropical Indian Ocean, while slight negative vorticity anomalies prevail towards the 
eastern equatorial Indian Ocean. The Tibetan Anticyclone also weakens in some areas under 
PlioIP conditions (Figure 21e). Strong positive vorticity anomalies are shown over the Tibetan 
Plateau region and over northeastern India, a region that falls under the southern flanks of the 
far-reaching Anticyclone. Negative vorticity anomalies exist farther from the Tibetan Plateau 
region, towards the west and over northern Southeast Asia. Negative vorticity anomalies also 
exist over the Bay of Bengal and over the northern Maritime Continent. A small region of 
positive vorticity anomalies exists over the southern regions of Southeast Asia, amongst a 
broader region of negative anomalies towards the north and south. Together, these areas also 
largely span the Tropical Easterly Jet entrance region, which is partially associated with the 
southern flank of the Tibetan Anticyclone. 
 The mid-level SASM cyclones also weaken under 2090RCP conditions (Figure 21c). The 
strongest negative vorticity anomalies are shown over the northern Bay of Bengal and over the 
southwest coast of India. Negative vorticity anomalies are also shown over southern Southeast 
Asia and over the southern Arabian Peninsula. Positive vorticity anomalies are shown over the 
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northwest portion of the Indian sub-continent, over northern Southeast Asia, and over most of the 
tropical Indian Ocean, extending from the Horn of Africa toward the eastern portion of the basin. 
Under 2090RCP conditions, the Tibetan Anticyclone intensifies slightly at its core above the 
Tibetan Plateau (Figure 21f). Negative anomalies are also found over Southeast Asia, China and 
over most of the Indian peninsula. Positive vorticity anomalies are apparent over northwest 
India, Pakistan, Afghanistan and over the Arabian Peninsula. Strong positive vorticity anomalies 
are shown over the western Indian Ocean north of equator, over the Maritime Continent, over the 
southern Bay of Bengal and over the western tropical Pacific Ocean.  
 
4.5 KE’ and Regional Overturning Circulation and Energy Transfer 
 Increased KE’ is visible (Figure 22a) over the IOD and El Padre forcing regions under 
ModIP conditions, which reflect the rising motion incited by the increased SSTs imposed. 
Increases are also shown over the East African coast, southeast of the Arabian Peninsula, over 
parts of China and Southeast Asia. KE’ decreases are visible in the eastern tropical Indian Ocean, 
over the most of northern Indian Ocean and surrounding Indian sub-continent. Prominent 
decreases are visible off the southwest coast of Indian over the northern Bay of Bengal, (also 
regions of maximal SASM rainfall). Strong deceases in KE’ are also visible over the western 
tropical Pacific Ocean and over the Maritime Continent. An increase in KE’ is shown to the 
northwest of Pakistan, over Afghanistan and south Central Asia. These increases also coincide 
with a slight downward omega (vertical velocity) anomaly in this isolate region (not shown).  
 Under PlioIP conditions, KE’ patterns bare some similarity to those produced under 
ModIP conditions (Figure 22b). Increase KE’ is indicated over East Africa and over the western 
equatorial Indian Ocean – the region of warm IOD-like SST forcing. Increases also occur over 
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Fig 22.  JJAS (baroclinic) Eddy Kinetic Energy Generation (600 mb) (KE’) anomalies (with respect to the Modern Control) shown 
for a) the Modern IOD/El Padre simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. 
Negative KE’ anomalies are shown over much of the northern Indian Ocean, particularly in the Modern (a) and Pliocene 









the central and eastern equatorial Pacific Ocean, over the El Padre SST forcing and extend into 
the subtropical Pacific region as well. KE’ decreases are shown over the eastern tropical Pacific 
Ocean and over the northern Indian Ocean, with particularly strong KE’ decreases again 
occurring over the southwest coast of Indian and over the northern Bay of Bengal. In the PlioIP 
simulation, the extent of these decreases is more widespread than in the ModIP simulation. The 
Maritime Continent is characterized by alternating centers of increased and decreased KE’, while 
a small region of decreased KE’ exists over the western tropical Pacific Ocean.  
 Under 2090RCP conditions, the strongest KE’ increases are indicated over the central 
equatorial Pacific Ocean and just north of the equator in the eastern tropical Pacific Ocean 
(Figure 21c). A small region of KE’ decreases occur over the far eastern equatorial Pacific Ocean 
and over the western equatorial Pacific Ocean. To the north of this region, in the sub-tropical 
western Pacific Ocean, a small region of increased KE’ is visible. In the Indian Ocean, the most 
significant KE’ anomalies are shown over the northern Indian Ocean, southeastern Arabian Sea 
and Bay of Bengal. These anomalies are primarily in the form of KE’ decreases, with a small 
region of increased KE’ occurring off the coast of the Horn of Africa. Over the African 
Continent in this region, slight decreases in KE’ are shown. Decreases in KE’ are also shown 
over southern Southeast Asia. Over the tropical Indian Ocean, smaller KE’ anomalies exist, with 
positive anomalies occurring mainly toward the west and far eastern portions of the basin.  
 
4.6 Precipitation Associated with the South Asian Summer Monsoon System 
 Figure 23a shows increased rainfall over the IOD and El Padre forcing regions, in the 
western tropical Indian Ocean and the central/eastern equatorial Pacific Ocean, respectively. 
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Fig 23. JJAS Precipitation anomalies (with respect to the Modern Control) shown for a) 
the Modern IOD/El Padre simulation, b) the Plioene IOD/El Padre simulation, c) the Future 
IOD/El Padre simulation and d) the coupled Model E Future IOD/El Padre simulation. 
The most severe rainfall decreases, particularly over the SASM maximal rainfall regions, 
occur in the Modern IOD/El Padre (a) simulation, followed closely by the decreases in the 
Pliocene IOD/El Padre simulation.  
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northern Bay of Bengal, both regions that typically are characterized by maximum monsoonal 
rainfall. Over the southwest coast of India, these decreases are large and approach 20 mm/day.  
The PlioIP simulation also indicates (Figure 23b) similar decreases in rainfall over the prime 
rainfall regions associated with the SASM – southwestern India and the northern Bay of Bengal. 
Increases in rainfall are shown over the IOD and El Padre forcing regions in the western tropical 
Indian Ocean and East Africa and over the eastern equatorial Pacific. Increased rainfall is shown 
over northeastern India toward the Himalaya and the Maritime Continent, despite the proximity 
of the latter to the small region of decreased rainfall in the eastern Indian Ocean. Rainfall 
decreases in the 2090RPC over the southwestern coast of India and over the Bay of Bengal, 
prime regions for maximum monsoonal rainfall during JJAS (Figure 23c). The decreases over 
the southwest India are particularly acute, while smaller decreases also occur over southern 
Southeast Asia and over the far western tropical Pacific Ocean. While a small region of slightly 
decreased rainfall is shown directly over the East African coast, increases in rainfall are pictured 
over most of the equatorial Indian Ocean and over the Maritime Continent. A large increase in 
rainfall is shown to the northeast of the Bay of Bengal over northwestern Southeast Asia.  
   
4.7 Measures of the Monsoon Intensity  
 The Monsoon Intensity (MI) Index is a measure of the strength of the driving meridional 
temperature gradient of the SASM and is related to the vertical shearing of the zonal wind over 
the northern Indian Ocean region (see definition in Chapter 3, Section 2.7). As noted in Table 2, 
modern observed values of the MI index range between 23 m/s and 26 m/s. It is also interesting 
to note the suggestion of a weakening trend in the MI index over the last 50 years. This decrease 
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in MI is concurrent with rising SSTs (and also surface irrigation on the Indian subcontinent, 
which has the effect of lowering surface temperatures).  
Table 2: Simulated Monsoon Intensity Indices 
Simulation Short Name Monsoon Intensity Index (m/s) 








 In all the simulations, the MI index weakens to approximately half of its Modern Control 
run intensity. The most significant decrease occurs in the ModIP simulation, without the 
additional imposed global warming (effectively, warming occurs only along the tropical Indo-
Pacific Ocean basins). The PlioIP and 2090RCP simulations all produced relatively similar MI 
indices, with the PlioIP indicating the most substantial decrease of the three. However, the 
differences between the PlioIP and 2090RCP simulations are less than one standard deviation 
(observed 1.5 m/s, modeled 1.6 m/s).  
 
4.8 Measures of the Monsoon Rainfall 
The Indian Monsoonal Rainfall index is a measure of rainfall, and implicitly moisture 
convergence, over the Indian sub-continent during JJAS. Mean JJAS rainfall over India is 
approximately 840 mm, with standard deviation of around 80 mm, and so the ModControl 
simulation significantly overestimates this total. This is consistent with previous findings 





Table 3: Simulated Indian Monsoon Rainfall Indices 
Simulation Short Name Indian Monsoonal Rainfall (mm/JJAS) 







 The most significant decreases are shown under ModIP conditions, similar to the results 
shown for the MI index above. The ModIP produces an IMR of nearly half of its ModControl 
value. The PlioIP simulation shows the next most significant decrease (and interestingly is more 
accurately reflective of the observed IMR). The 2090IP and 2090IPC simulations both show 
decreases from the Modern Control simulation, which are greater than the ModelE standard 
deviation (75 mm). However, both simulations still exhibit an IMR that is significantly greater 
than the observed.  
 
5. DISCUSSION OF THE SOUTH ASIAN SUMMER MONSOON RESPONSE TO TROPICAL AND 
GLOBAL WARMING 
 The IPCC Fourth Assessment Report highlighted two major projections for the future of 
the South Asian Summer Monsoon under climate change conditions: a decrease in dynamic 
monsoon intensity and a maintenance, if not increase, of current monsoonal rainfall. The three 
altered climate simulations evaluated here, which incorporated combinations of tropical and high 
latitude warming, all produced a decrease in SASM intensity, as projected. Furthermore, the 
most severe decreases in SASM response occurred in the simulation with the least amount of 
global warming – the Modern permanent IOD and El Padre sea surface temperature forcing 
(ModIP). There were distinctions in the regional climatic changes of the Indian Ocean between 
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the Pliocene and future climate simulations as well, highlighting differences, and sensitivity, in 
the SASM response given the forcing conditions.  
 The results discussed here pertain to the dynamic intensity and circulation features of the 
SASM under the simulated forcing conditions. In light of the findings in Chapter 3, a known 
deficiency of modelE to significantly underestimate of the observed mean SASM intensity, 
although modelE does well to reproduce the observed variability when forced with the observed 
sea surface temperatures. Therefore, the decreases in SASM intensity discussed here are 
suggested to be potential overestimates of the amount the SASM would weaken under similar 
conditions. 
 
5.1 The SASM Response under Modern IOD and El Padre Conditions (ModIP) 
 The ModIP simulation displayed the most dramatic response to the tropical IOD and El 
Padre sea surface temperature forcing. Almost every aspect of the SASM weakened under 
ModIP conditions. The widespread positive sea level pressure anomalies found across the 
(northern) Indian Ocean basin would suggest a large-scale subsidence effect that is typically 
noted for El Niño events, which acts to attenuate the SASM intensity. In fact, this “subsidence 
effect” can be corroborated by examining the KE’ anomalies over the Indian Ocean region as 
well. These exhibited strong negative KE’ generation which is associated in the tropics with the 
subsidence, or sinking, of warm, dry air (Shukla et al., 2011). This subsidence experienced 
contributions from both the rising motion in the western tropical Indian Ocean and the 
central/eastern tropical Pacific Ocean (where SST gradients are diminished).  
 Furthermore, the May meridional temperature gradient, both at altitude and at the surface, 
was substantially decreased under ModIP conditions. May temperatures are pivotal to the 
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establishment of the SASM system, and are among the warmest regional annual temperatures. 
The weakening of this gradient prior to the onset of the SASM can make for either delayed onset 
conditions or a weaker initial meridional monsoon cell. In JJAS, the meridional gradient at the 
surface did not appear to weaken as much compared to Modern Control conditions, and given the 
warming of the continent, the gradient (relative to northern India) was actually preserved or 
intensified. However, at higher altitude, the meridional temperature gradient was still weak 
compared to the Modern Control simulation, resulting in an MI index weaker than the other 
simulations performed here. This finding is consistent with that of Sun et al. (2010), in which the 
authors concluded that a weakening of the upper level thermal contrasts between the Indian sub-
continent and the tropical Indian Ocean will result in a weakening dynamic monsoon system, 
even if the surface gradient does not undergo the same magnitude of weakening. This effectively 
makes the upper level contrast more influential to the monsoonal flow under (tropical) warming 
conditions.   
 Consistent with these findings, the quasi-stationary circulation features of the SASM also 
weakened. These include the cyclonic circulation cells at mid-level over the Arabian Sea and 
Bay of Bengal, which may further impact the intraseasonal depressions and low pressure centers 
that track across the Indian continent – large contributors to the regional rainfall. The strong 
weakening of the meridional temperature gradient at upper atmospheric levels also served to 
weaken to southern flank of the Tibetan Anticyclone. This weakening was further reflected in the 
Tropical Easterly Jet. However, most of the weakening in the TEJ occurred not in its entrance 
region, but near its exit region toward the western Indian Ocean and African Continent. It is this 
region that experienced the greatest relative decrease in the meridional temperature gradient, 
which was reflected the weakest cross-equatorial winds at all atmospheric levels. 
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 In fact, the wind anomalies at low and high atmospheric levels were also a 
consequence of the IOD-like atmospheric circulation that occurs across the equatorial Indian 
Ocean due to the imposed SST forcing. Warmer temperatures toward the west incited an easterly 
flow across the tropical Indian Ocean from the cooler temperatures in the east. The westerly 
anomalies at higher levels were not just indicative then of a decreased meridional temperature 
gradient, but also of an imposed zonal temperature gradient and a tendency to develop features 
reminiscent of a zonal overturning circulation. For instance, the KE’ diagnostic indicated a 
similar pattern over the Indian Ocean as it did over the tropical Pacific Ocean under Modern 
Control conditions. The positive KE’ anomalies associated with rising motion over the warmer 
western IOD pole, and the easterly wind anomalies at low levels (and westerly anomalies at 
upper levels), suggested that this energy was partitioned to the establishment of a mean (year-
round, given the forcing conditions) Walker Cell-type phenomenon, similar to the findings of 
Chapter 2. Warmer temperatures increased convection toward the west, which is reflected in 
slightly increased moisture convergence and rainfall over the African continent while relative 
drying occurred over the eastern Indian Ocean. Decreased northward advection of moisture then 
isolates much of the rainfall and convergence to the tropics. The major rainfall centers associated 
with the SASM, in southwestern India and along the northern Bay of Bengal, experience 
substantial drying under ModIP conditions, due, in part, to a decrease in the SASM moisture 
convergence in these regions. This decrease in moisture transport is strongly related to the 
weakened surface windfields, responsible for advecting moisture onto the continent, and to a 
decrease in the strength of the low-pressure systems that give rise to intense rainfall events.  
 Lastly, an interesting response displayed in the ModIP simulation was a significant 
cooling over the Pakistan/Afghanistan region at high altitudes, despite the surface warming. The 
171
  
cooling was particularly strong during JJAS, and also coincided with a decreased 300 mb height 
anomaly and downward vertical velocity (omega) anomaly (not shown). One possible 
contributing mechanism to this response lies in the strong rising motion and convection imposed 
on the tropical Indian and Pacific Oceans by the El Padre/IOD SST anomalies. Under mean 
circumstances, the increased solar insolation would act to heat the Asian land surface, warming 
the overlying atmosphere and causing rising motion. However, the strong heating of the tropical 
regions imposed here incited an overturning circulation, both meridionally and zonally – as in 
the “subsidence effect” described above. The rising motion was particularly strong in the western 
tropical and northern Indian Ocean. Once at altitude, warm air from this region can travel 
poleward and cool adiabatically, subsiding over the northwestern Indian continent and the 
adjacent Pakistan. The sinking of cooler air at high altitudes may have caused the increase in 
KE’ that was also indicated in the region and a compression of the atmospheric column that is 
heated from below and cooled from above. This highlights the importance of the regional 
temperature gradients to the overturning circulation that characterizes the Indian Ocean region, 
particularly in the summer when the mean SASM circulation actually flows from north to south, 
in a reverse Hadley-type pattern. This also contributed to the strong weakening response of the 
SASM in the ModIP simulation relative to the other simulations performed here, in which a more 
uniform warming was present between the low and high latitudes. Indeed the compression of the 
atmospheric column over the Pakistan region was not present in the other simulations. 
 
5.2 The SASM Response under Globally Warmer Conditions 
5.2.1 The SASM Response under Pliocene IOD and El Padre Conditions (PlioIP) 
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The PlioIP simulation incorporated not just a permanent IOD and El Padre SST warming, 
but also a larger-scale global warming (of ~2.6˚C) due to the Pliocene climatic boundary 
conditions, which are characterized a significant lack of land ice at high latitudes. Given the 
results in Chapters 1 and 2, in which the Pliocene boundary conditions in combination with the 
El Padre and IOD SST forcing were found to be consistent with regional Pliocene paleo-proxy 
data, this simulation assessed the combined influences of tropical and high latitude warming on 
the SASM system. In this case, the high latitudes warmed dramatically, and the tropics were 
relatively cooler compared to the high latitude warming (effectively representing the opposite 
scenario tested by the ModIP simulation). 
The widespread “subsidence” effect, positive SLP anomalies and a weakened Heat Low, 
was not as prominent under PlioIP conditions. It is also important to note that although positive 
SLP anomalies were not as widespread under PlioIP conditions, the patterns of negative SLP 
anomalies were not as relatively strong in the northern Indian Ocean and surrounding the Indian 
peninsula. The relative difference in the SLP patterns across the region, from the 
north/northeastern Indian Ocean and the subcontinent to the (western) tropical Indian Ocean, was 
not unlike that shown under ModIP conditions. In fact, the KE’ field did indicate a widespread 
“subsidence effect” over the northern Indian Ocean that was more severe than that of the ModIP.  
The driving meridional temperature gradient under Pliocene conditions did weaken from 
modern mean conditions, though not as severely as the ModIP simulation. The fact that the 
PlioIP simulation produced an SASM that is slightly, but significantly in some respects, stronger 
than the ModIP simulation was reflected in the wind strengths, meridional temperature contrasts 
and the MI index. The large heating of the Asian continent at altitude relative to the Indian 
Ocean may have incited localized strong meridional temperature gradients that contributed to the 
173
  
strength of the SASM wind fields. For example, the strong heating of the continent at higher 
altitudes partially contributed to a slightly stronger Tropical Easterly Jet near its entrance region 
over the Bay of Bengal. The strengthening was also reflected in the southern flank of the Tibetan 
Anticyclone in this same region, although the core of the anticyclone weakened slightly. The TEJ 
lost intensity as it traversed the northern Indian Ocean, but where the higher latitude warming 
was strong compared to the ocean, the strength of the jet was preserved.  
Due to the imposed El Padre/IOD forcing, the PlioIP simulation did resemble the ModIP 
simulation in the patterns of KE’ shown over the Indian Ocean basin. Rising motion in the 
western tropical basin and sinking motion in the eastern portion of the basin, along with westerly 
wind anomalies at upper levels, again indicated an imposed Walker-type overturning circulation 
that could be acting to further weaken the SASM meridional flow. The rising motion in the 
western tropical Indian Ocean is slightly less intense than that produced under ModIP conditions, 
but is still associated with increased rainfall in that region whereas drying occurs toward the east. 
The decreases in rainfall, where they occur, are more intense under PlioIP conditions, although 
there are more isolated regions over the Indian sub-continent that do experience increased 
rainfall and are not present under ModIP conditions.  
 
5.2.2 The SASM Response under Future Warming Conditions  
 The overall Monsoon Intensity decreased under 2090RCP conditions, but not to the 
extent of the ModIP simulation. The widespread positive SLP anomalies over most of the 
northern Indian Ocean under 2090RCP conditions were much like those of the ModIP simulation 
and indicated a subsidence effect throughout the region in both May and JJAS, despite the 
globally warmer conditions (moreso than that of the Pliocene). The Heat Low region across 
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northern India was particularly affected. Due the stronger warming over the Indian and Asian 
continents relative to the tropical Indian Ocean region, the driving meridional temperature 
gradient, though weakened, is somewhat preserved at the surface. However, at altitude, the 
temperature contrast did weaken, as the tropics warm more than the Indian continent. This 
increased static stability did decrease the resulting MI index, although not as severely as in the 
ModIP simulation, and was reflected in the decreased strength in the SASM wind fields at both 
high and low altitudes. As per the decrease in the upper level thermal contrast, the Tropical 
Easterly Jet underwent a particularly large decrease in strength.  
 The 2090RCP simulation was not forced with a permanent IOD/El Padre feature, but did 
incorporate a significant amount of tropical warming. This warming (produced by the coupled 
modelE) did indicate an El Padre like warming feature however. Additionally, the western Indian 
Ocean did display a slightly greater degree of warming than the eastern tropical Indian Ocean. 
However, a strong Indian Ocean overturning cell, as indicated by the KE’ in the ModIP 
simulation, was not present under 2090RCP conditions, although there was an increase in the 
rising of warm air, due to an increase in convection, along the central tropical Indian Ocean. This 
is also corroborated by the windfields and MI index, which did not decrease as much, despite the 
low (high) level easterly (westerly) wind anomalies. Over the tropical Pacific, the rising of warm 
air and the decrease in low level easterly wind convergence did markedly impact the Walker 
circulation in both the 2090RCP and ModIP simulations, and may, in part, be responsible for the 
large-scale subsidence effect over the Indo-Pacific basins.   
The moisture convergence into the northern Indian Ocean region (see appendix) actually 
increases under 2090RPC conditions, partially due to the propensity for increased low-level 
atmospheric moisture content under warmer climatic conditions. This occurs despite decreases in 
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the low-level wind fields, and the moisture convergence increases particularly over the northern 
Indian Ocean region (this, however, is not indicated in the ModIP simulation). However, this 
increase in moisture convergence does not completely translate to an increase in the IMR, as 
decreases in rainfall over the Indian subcontinent, particularly over the SASM rainfall maxima 
regions, are present. However, these decreases are much smaller than that of the ModIP 
simulation, and regions of strong rainfall increases are even shown outside of the IMR domain, 
such as in far northeastern India and northern Southeast Asia. 
 
5.2.3 The Past and Future SASM Response: Pliocene versus Projected Warming 
 One of the major objectives of this study was to investigate the SASM response to 
globally warmer conditions. To that end, one can compare and contrast the Pliocene IOD/El 
Padre (PlioIP) simulation to the future projected warming simulation with specified SSTs 
(2090RCP). This comparison will also provide us with a look at how a paleoclimatic interval 
with significant warming compares to our future projections using one of the highest radiative 
forcings. Additionally, this assessment can begin to demonstrate the overall utility of using the 
Pliocene as a type of analogy to future warming and introduce areas for further research on this 
concept.  
 One of the most prominent differences between the PlioIP and 2090RCP simulations was 
the significant lack of permanent high latitude land ice in Pliocene boundary conditions. This had 
a positive climatic feedback effect, amplifying the warming at high latitudes, changing the mean 
atmospheric circulation, which included the positioning of jet streams, quasi-stationary pressure 
features and the movement of energy through the atmosphere via teleconnections (Shukla et al., 
2011 and references therein). In contrast, the 2090RCP simulation used a value of atmospheric 
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CO2 that was approximated from the RCP8.5 trend and averaged between 2090 and 2100, ~ 890 
ppm. Despite having over twice the atmospheric CO2 levels, the 2090RCP simulation produced a 
warming of ~ 1˚C above that of the Pliocene. However, with the lack of cryospheric feedbacks a 
contributing factor, the PlioIP simulation did produce a slightly greater weakening SASM 
response than the 2090RCP simulation, and a greater amount of high latitude warming (greater 
than 40˚ latitude north). The 2090RCP simulation produced more warming in the lower latitudes 
and in the tropics, and displayed a strong (unspecified) El Padre feature. The 2090RCP 
simulation did not, however, produce a significant permanent IOD feature as specified in the 
PlioIP simulation, but the western Arabian Sea does display a slightly greater warming relative 
to the Bay of Bengal.  
 One apparent difference in the simulations’ produced variables is in the May sea level 
pressure. The PlioIP simulation produced widespread negative SLP anomalies, while the 
2090RCP simulation produced anomalies more akin to the ModIP simulation, where positive 
anomalies existed inside the Indo-Pacific domain and negative SLP anomalies are present well 
into the higher latitudes. However, insofar as the subsidence effect is characterized by more 
positive and/or less negative SLP anomalies, the PlioIP simulation did display a similar regional 
pattern. In a world characterized by the extreme Pliocene warming and lack of cryosphere, the 
entire globe displayed lower sea level pressure than the Modern Control. Relative to the rest of 
the Pliocene globe, the relatively higher PlioIP SLP over the Indo-Pacific basin indicated the 
regional subsidence effect of the imposed permanent IOD and El Padre phenomenon. This 
subsidence was corroborated by negative KE’ anomalies that show the energy associated with a 
sinking motion over the same north Indian Ocean domain. In fact, although the patterns of north 
Indian Ocean negative KE’ anomalies were similar between the 2090RCP and PlioIP 
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simulations, the negative KE’ anomalies were more severe and widespread under PlioIP 
conditions, particularly over the southeastern Arabian Sea and northern Bay of Bengal. This is 
consistent with the more severe weakening of important variables in the PlioIP simulation 
relative to the 2090RCP simulation. Likewise, the KE’ anomalies were much more positive over 
the El Padre forcing region under PlioIP conditions than under 2090RCP conditions, the latter of 
which exhibited an El Padre feature that resulted from evolving dynamic ocean temperature 
rather than the specified feature in PlioIP conditions.  
 Generally, the 2090RCP simulation showed a more globally uniform warming as its 
temperature response, with a few areas that did not undergo significant change from the Modern 
Control (such as surrounding the Tibetan Plateau region). In contrast, the PlioIP simulation 
showed warming mostly concentrated in the higher latitudes, and indicated anomalies of the 
opposite (cooling) sign at altitude in May over the eastern Indian Ocean basin relative to the 
2090RCP simulation. In either the 2090RCP simulation or the PlioIP simulation, the respective 
warming of the Indian tropics or cooling of the Indian subcontinent could have resulted in the 
reduction of the high altitude meridional temperature gradient that initiates and sustains the 
SASM. The greater weakening of the PlioIP SASM indicated that the relative cooling of the 
subcontinent and eastern Indian Ocean, among other changes in important variables, may have 
had a more severe impact on the SASM.  
 The PlioIP SASM windfields underwent a stronger weakening than those of the 
2090RCP at the surface. At altitude, the PlioIP produced a weakened Tropical Easterly Jet, but 
not to the extent of the 2090RCP. The relatively higher temperatures at high altitudes in the 
2090RCP simulation served to weaken the upper level meridional gradient, particularly in the 
western Indian Ocean, that caused strong westerly wind anomalies in that region and across 
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much of the Indian Ocean. Due to the relatively cooler temperatures aloft in the PlioIP 
simulation, and the slight meridional temperature gradient between the northern Indian continent 
and the tropical Indian Ocean in JJAS, the same extent of weakening of the Tropical Easterly Jet 
was not present. However, the PlioIP simulation did display more positive (cyclonic) vorticity 
anomalies over the TEJ entrance region and across the tropical Indian Ocean than was pictured 
in the 2090RCP simulation. These cyclonic anomalies also comprise the equatorward flank of 
the Tibetan Anticyclone and, in isolation, the anomalies may indicate a weakening of the TEJ. 
However, compared to the 2090RCP simulation, where the positive vorticity anomalies are fewer 
and less strong, the PlioIP simulation did not produce a weaker TEJ relative to the 2090RCP. 
Furthermore, the core of the Tibetan Anticyclone underwent a slight strengthening under 
2090RCP conditions, but the simulation still yielded a weaker TEJ. These results suggest that the 
equatorward flank of the Tibetan Anticyclone was perhaps not a major influence on the Tropical 
Easterly Jet in both of these simulations and that the lower level temperature gradients were 
more influential in the stronger weakening of the MI index in the PlioIP simulation compared to 
the 2090RCP simulation. To this end, it was the stronger weakening of the Somali Jet at lower 
levels in the PlioIP simulation that contributed to an MI index slightly weaker than that of the 
2090RCP conditions.  
Insofar as the MI index is considered, and the contributing factors to this index, the 
PlioIP produced a slightly weaker SASM response than did the equilibrated projected warming 
of the 2090RCP simulation. Given that the MI index is primarily resultant on the strength of the 
temperature gradient between the land and sea, we can assess why the SASM temperature 
gradient changed under warm climate conditions. The biggest differences between the 
simulations lies in the surface and high altitude temperature response. The globally uniform 
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warming of the 2090RCP simulation increased the static stability over the tropics, particularly in 
the Indian Ocean region, moreso than the PlioIP simulation. However, the cooling over the 
Indian continent in May, the strong decrease in the Somali Jet, and the imposed overturning 
circulation did contribute to a weaker PlioIP MI index and, by implication, a weaker equator-to-
pole temperature gradient. Cooler land temperatures in May relative to the modern control case 
also highlights a more vigorous increase in latent heat flux from the land surface (a cooling 
process) under warmer atmospheric temperatures in these simulations. Cooler temperatures over 
the Indian continent in May and increased tropical static stability and temperatures can 
contribute to a weaker temperature gradient between the land and sea during the onset of the 
SASM, a critical period to develop monsoonal strength. The model further enhances this 
decreased equator-to-pole temperature gradient by not allowing for the continuation of surface 
heating all the way up through the upper atmospheric column (a resulted noted in Chapter 3), 
which could make for stronger decreases in this gradient than would occur in the real world.  
However, the MI indices between these two simulations were more similar (within one 
modeled standard deviation) than when either of them is compared to the ModIP MI index. 
Given the extreme nature of the PlioIP and 2090RCP simulations, the difference between the 
dynamic SASM responses, that of its atmospheric circulation and the MI index, was not so 
significant. It appears that globally warmer conditions, whether the warming is concentrated 
more along the tropics or more towards the high latitudes, will generate a decrease in SASM 
intensity averaged over a large area. However, the spatial distribution of the major SASM 
features, the intensity of the low and high-level jets and the positioning of the SASM cyclones 
and the Tibetan Anticyclone, depend upon the patterns of the local and regional temperature 
gradients. For example, differences in the magnitude and positioning of these gradients 
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highlighted in these simulation impacted the sub-regions of jet entrances and exits, areas of 
subsidence or rising motion, and even moisture transport (see appendix).  
 Therefore, future work on the impact of warmer climate conditions on the Indian Ocean 
regional climate might focus on the changes that occur in the Indo-Pacific regional temperature 
gradients. Indeed, the large-scale warming serves to increase the atmospheric stability, generally 
weakening the mid- to low latitude wind fields, which can affect those circulation systems and 
their interaction with the seasonal monsoonal flow. However, the magnitude, spatial positioning 
and distribution (high important to the regional populations) of the major monsoonal features are 
also highly influenced affected by local changes in the meridional and zonal (across the tropical 
Indian Ocean) gradients. The results presented here, in which the largest SASM weakening was 
present in the ModIP (and to an extent the PlioIP) simulations, are indicative of this, as the 
simulation contained stronger zonal temperature changes across the tropical Indo-Pacific Ocean.  
 Warmer climate conditions, if allowed to equilibrate, can ultimately impact the tropical 
ocean SST structure and gradients. Thus, in relation to the Indian Ocean region and the SASM 
system, it is important that the impact of future global climate change be understood for its 
ultimate impact on the tropical oceans, as these in turn could substantially alter the driving 
monsoonal temperature gradients or create other patterns, such as the El Padre, that serve to 
inhibit the SASM. It will also be important that future work focus on the trends in tropical Indian 
Ocean warming. As specified in the background work, recent trends have shown a tendency 
toward more IOD -like conditions, in that the western tropical Indian Ocean is warming more 
than the eastern tropical portion of the basin. This pattern contributed to a greater subsidence 
effect over the northern Indian Ocean under ModIP conditions. However, this IOD-type feature 
was not projected in coupled modelE simulations, although the El Padre feature was prominently 
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displayed. This inconsistency highlights the continuing need to investigate why the coupled AR5 
version of modelE did not produce this IOD-type pattern and also to ascertain whether this 
projection is still produced by other AR5 models. If the modelE projections are physically 
consistent, it suggests that in the transient climate change phase, as long as the eastern Indian 
Ocean lags in warming behind the western Indian Ocean, the SASM will undergo its strongest 
weakening. However, once the eastern Indian Ocean equilibrates, perhaps owing largely to the 
equilibration of the tropical Pacific Ocean and collapse of the zonal SST gradient there, the 
SASM intensity will again increase slightly (although significantly compared to the ModIP 
simulation), even though the full modern intensity will not be attained.  
 These potential responses of the Indian Ocean region further highlight the need to use the 
full arsenal of climate system analysis methods to understand important long-term climate 
change mechanisms: this includes looking at paleoclimatic time periods for which we can collect 
data, modern climatic trends and future climate sensitivity studies. Despite the similarity in MI 
index response between the PlioIP and 2090RCP simulation, regional patterns of altered 
temperature gradients resulted in different spatial SASM characteristics. These results indicate 
that when looking at regional distributions of climatic change, the Pliocene might not be directly 
comparable to future climate projections. However, the response of modelE to future climatic 
forcing (such as that of the AR5 RCP scenarios) may not be a fully accurate representation, 
given the model biases and inadequacies. For example, given the results of the Chapter 3 in 
looking at the modelE representation of the Indian Ocean, we see that there is a tendency for the 
modeled Indian Ocean to retain heat in the north, resulting in warmer SSTs in the western Indian 
Ocean and at depth across the basin. This heat retentions suggests that modelE ocean dynamics 
are less vigorous than the observed, and could inhibit its ability to produce IOD-like SST 
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patterns in future warming simulations – which is also suggested to have occurred during the 
Pliocene.  
 This comparison of the 2090RCP simulation to the PlioIP simulation also signifies the 
importance of using paleoclimatic studies – namely for the terrestrial and oceanic data sets that 
can be obtained to corroborate model simulations. These data sets are also fraught with 
uncertainties. However, the more numerous these data sets become, the more they shed light on 
how fully and accurately we understand climatic processes featured in global climate models. 
Simulations by Shukla et al. [2009] suggested that the IOD and El Padre features, combined with 
Pliocene boundary conditions, better reproduced the regional Pliocene climates as indicated by 
terrestrial data. It would be highly elucidating if more Pliocene-period data could be collected on 
Indian Ocean sea surface temperatures. The model simulations provided insight into the climatic 
mechanisms that may have operated during the Pliocene and motivated the search for additional 
data. Likewise, additional data from the Pliocene period could further contribute to our 
understanding of warm climate atmospheric and oceanic circulation in the Indian Ocean region, 
and help in understanding how physically consistent the model (specifically modelE in this case) 
responses are to warm climate forcing. That both the 2090RCP and PlioIP simulations produced 
a decreased MI index suggests the accuracy of our understanding that warmer climates will 
generally attenuate the SASM overturning circulation. Further data and simulations must now be 
collected and run to understand the finer scale processes that operate in the Indian Ocean under 
warm climate conditions and the difference that occur between the Pliocene and future climate 
response.  
Lastly, in continuation of this work to assess future climate change in the Indian Ocean 
region under various forcings, a new irrigation profile is currently being tested and employed in 
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modelE. Previous simulations with this model, as described in the background section, indicated 
a cooling over the northern Indian continent that is comparable to the warming of the tropical 
Indian Ocean SSTs over the past half-century. Future work must also be concerned with human-
induced land-use change, in the way of irrigation, particularly for a region as heavily populated 
and agrarian as the Indo-Pacific. The need for increased food production will soar in the next 
century, and intensive irrigation is planned. Irrigation has the effect of cooling the continental 
surface by increasing evapotranspiration and aiding in crop growth, and this cooling can also 
weaken the SASM circulation. It also may induce regional temperature gradients that may 
dominate on its monsoonal impact over high latitude warming. Once the irrigation profile for 
modelE is operational, the next stages of work may involve assessing the contribution of 




 This study assessed the influence of warmer tropical and global climatic conditions on 
the atmospheric circulation patterns of the South Asian Summer Monsoon system. The modelE 
general circulation model was used to run simulations that tested the impacts of the Indian Ocean 
Dipole (IOD) and El Padre tropical warming, Pliocene period warming using Pliocene boundary 
conditions and the IOD/El Padre features, and future (RCP8.5) globally warmer climate 
conditions. These simulations were compared and contrasted to understand how different 
distributions and magnitudes of warmer conditions impact various elements of the SASM 
circulation system.  
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 The Modern IOD/El Padre (ModIP) simulation, which included the effects of warmer 
tropical SSTs in the form of permanent Indian Ocean Dipole and El Padre conditions, produced 
the most significant decreases in all aspects of the SASM circulation system. The tropical 
heating also produced widespread subsidence extending poleward to cool portions of Pakistan 
and Afghanistan at high levels. This pronounced decrease in SASM intensity occurred despite 
the lack of high latitude warming and highlights the importance of the Indo-Pacific regional 
surface forcing and temperature gradients on the operation of the SASM.  
 The Pliocene IOD/El Padre (PlioIP) and Future Averaged RCP8.5 (2090RCP) 
simulations both displayed a decrease in the SASM strength, although these decreases were less 
than that shown in the ModIP simulations. The decreases in all the SASM variables were slightly 
larger in the PlioIP simulations than in the 2090RCP simulations, despite the larger amount of 
both global and regional warming at all atmospheric levels in the 2090RCP simulation. This may 
be partly due to the slight cooling exhibited over the Indian continental region under Pliocene 
conditions in May and June, which serve to further decrease the driving meridional temperature 
gradients. This also suggests the importance of the temperature difference between the Indian 
continent and the tropical Indian Ocean over the temperature changes at higher latitudes or the 
global circulatory systems and patterns. However the difference between the Pliocene and future 
simulations, with respect to the Monsoon Intensity Index, fall within one standard deviation of 
the modelE variability, and so may not be highly significant. Ultimately, both Pliocene and 
Future conditions show a weakening in the SASM. Future simulations, however, do not suggest 
an IOD-like warming like that utilized in the Pliocene simulation (and for which there is 
evidence to have been present during the Pliocene period). Therefore, the imposed tropical 
Indian Ocean atmospheric overturning circulation present in the Pliocene simulations may not be 
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directly analogous to the future mean circulation patterns over the Indian Ocean. Additionally, 
the lack of an IOD-like warming in the Indian Ocean in future climate warrant further 
investigation, as these results depart slightly from previous AR4 runs done with other models. 
However the subsidence and altered atmospheric circulation associated with warmer tropical 
Indian Ocean conditions and the El Padre warming feature, both of which are indeed present in 
both Pliocene and Future simulations, may warrant further study. These features do tend to have 
a similar influence in decreasing the strength and rainfall of the South Asian Summer Monsoon. 
The use of the “permanent” IOD-like and El Padre features in this study does not address the 
changes that might occur to the modern El Niño or IOD modes of climate variability. These 
modes’ dynamics may be subject to changes if the tropical Indo-Pacific Oceans were to warm, 
but the appearance of the El Padre or a more IOD-like warming pattern across the Indian Ocean 
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1. The Heat Low Index 
To understand how the heat low profile is modified with time, we can consult Figure 1, 
which depicts the Heat Low Index (HLI), as defined by Saeed et al. [2010], for the period of 
1960-2008. This index is defined as the mean sea level pressure anomaly from the 
climatological value (1958-2001) averaged over the Arabian Sea sector – the more negative 
the anomaly, the more intense the heat low over the region and perhaps more intense the 
monsoon (which may be corroborated by the Monsoon Intensity, MI, index to be discussed 
later). The Figure shows the steady increase of the HLI over time, indicating that the driving 
temperature gradient of the SASM, at least in the vicinity of the Arabian Sea, is declining. 
 
2. Latent Heat Flux 
Evaporation in the form of Latent Heat Flux intensifies over the northern Indian Ocean 
during the June-July-August-September (JJAS) period. This flux contributes to the over 
moisture accumulation for the SASM, thereby promoting large amounts of continental 
rainfall, and to sustaining the atmospheric warming that drives the monsoon throughout the 
season. Figure 2 shows the observed latent heat flux alongside that produced by Model E and 
the AOME. Model E (both atmosphere-only and coupled) underestimates the amount of 
latent heat flux in the northern Indian Ocean during JJAS. This underestimation of the 
northern Indian Ocean latent heat flux (and evaporation) may contribute to the slight 
underestimation of total Relative Humidity buildup (although the RH values over the Indian 
continent are similar between the model simulations and the observations. The discrepancies 
lie over the ocean mostly, where observations may not be as reliable). However, Model E 






















Fig 1. The Observed Yearly Heat Low Index dened by Saeed et al. [2010] for JJAS.  Calculated 
from NCEP Reanalysis data. Yearly anomalies are taken against the 1960-2008. Note the 
positive anomalies shown towards the later 20th century
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Fig 2. JJAS Latent Heat Flux for a) NCEP Reanalysis data, b) the atmosphere-only model E and c) the coupled ocean-atmosphere
model E. Values are averaged over the period of  1979-2005. Both models overestimate the latent heat ux occurring in the 









nearly 30% of the SASM moisture originates from. Despite the weaker monsoon intensity, 
the Relative Humidity does not indicate a substantial change over areas of maximum 
convergence between Model E and the observed. Given the enhanced latent heat flux in the 
region, much of the monsoonal moisture in Model E may be originating in the tropics, south 
of the equator. The northward-bound meridional transports of atmospheric water content 
(VxQ) are much stronger in the ModelE simulation than when compared to observations (not 
shown). This excess specific humidity transport may be a contributing factor to the large 
overestimation of the SASM rainfall.  
 
3. Outgoing Longwave Radiation 
Around the eastern Indian Ocean region, the OLR pattern expands to encompass not just 
the tropics on either side of the equator, but also up to the Indian peninsula northern Bay of 
Bengal. Heating intensifies over Southeast Asia starting in early spring and extended far into 
northern India by the height of the summer season (Figure 3a). Along with these OLR 
minima occur heavy rainfall and strong tropospheric heating. It has also been argued in 
studying the mean OLR patterns for the SASM region that they bare much similarity to the 
convective patterns of the Intertropical Convergence Zone (ITCZ). It has been proposed that 
this pattern characterizes a broader, and highly variable, Tropical Convergence Zone (Gadgil 
et al., 2007), which is responsible for the patterns of rainfall during the SASM (Gadgil, 2003 
and references therein). The OLR generally follows the mean maximum heating gradient that 
drives the SASM, occurring around 90˚E. 
As previously mentioned, ModelE displays a tendency to underestimate the amount of 
cloud cover over the tropics, leading higher OLR values than observed over areas that are 
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Fig 3. JJAS Outgoing Longwave Radiation (W/m2) averaged over 1960-2000 for a) NCEP/NCAR reanalysis and b) the atmosphere-
only Model E forced with observed monthly 20th century SSTs, c) Total Cloud Cover (%) averaged over 1960-2000 produced by 
the atmosphere-only Model 3 forced with observed monthly 20th century SSTs. Total Cloud Cover was compared here due to 












known to have more cloud cover. This is consistent with the model-simulated results pictured 
in Figure 3b. The model tends to underestimate the OLR where it is observed to be higher 
and overestimate the OLR where it is observed to be lower. In particular, the model 
overestimates the OLR around the equatorial Indian Ocean and over the Maritime continent. 
It simulates the OLR over the Bay of Bengal realistically, but underestimates the values over 
southwestern India and toward the southern Arabian Peninsula and the East African 
continent, areas of relatively little cloud cover during JJAS. Model E also tends to 
underestimate the OLR over the southern Indian Ocean and over Australia, while there is 
substantial overestimation of OLR toward the eastern tropical Pacific. The fact that Model E 
produces less OLR over southwestern India could be a contributing factor to the excess 
rainfall in the region, nearly half of which is convective (not shown). This again yields 
additional evidence that model overestimates convection in this region (perhaps to retain the 
strength of the meridional overturning circulation of the SASM, which is still relatively weak 
compared to observations).  
As Outgoing Longwave Radiation (OLR) is not directly available in the Model 3 online 
computed diagnostics, an inference will be made here from the model produced Total Cloud 
Cover over the Indian Ocean region. Generally, regions with a significant amount of cloud 
cover will translate to regions of less Outgoing Longwave Radiation (relative to the clear 
sky). In Figure 3c, Model 3 Total Cloud Cover is shown, and relative maxima in cloud cover 
can be over the southwest Indian Peninsula and over the Bay of Bengal extending northward 
over the Asian continent (which also experience relative maxima in both modeled and 
observed precipitation). The regional cloud cover is largely dominated by convective cloud 
cover (not shown), which also includes the northward migration of the ITCZ during boreal 
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summer. If we compare the Model 3 relative maxima to the reanalysis data, we see that 
relative minima in OLR also occur in these approximate regions, particularly over the Bay of 
Bengal and along Southeast Asia. The large regions of OLR maxima, over the Arabian 
Peninsula and northern Africa are, likewise, associated with relative minimum areas in 
Model 3 produced total cloud cover. Generally, the patterns of Model 3 total cloud cover are 
consistent with the patterns of OLR minima and maxima displayed by the reanalysis data. 
The outgoing thermal radiation produced by AOME displays generally the same spatial 
patterns of relative maxima and minima as shown in reanalysis data and also in the 
atmosphere-only Model E (Figure 3d). Areas of weaker OLR occur around the southwestern 
coast and tip of India, over the Bay of Bengal and portions of Southeast Asia and the 
Maritime continent. Areas of relative OLR maxima are shown largely between the northern 
African continent, the Arabian Peninsula and extend over northern India. This latter extent of 
the OLR maxima is shown to be slightly greater than the reanalysis data. AOME also 
produces a greater spatial band of OLR minima across the tropical Pacific Ocean than shown 
in the reanalysis, similar to that produced by the atmosphere-only Model E. Although the 
spatial patterns between the AOME OLR and the reanalysis are consistent, AOME produces 
consistently weaker values of both relative maximum and minimum OLR than shown in the 
reanalysis, suggesting weaker cloud cover and formation in this highly convective region 
during the summer. This is consistent with the AOME’s tendency to produce more realistic 
rainfall, or at least less rainfall than the overestimates produced by the atmosphere-only 
models.  
 
4. Mid-Level Monsoonal Cyclones 
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Mid-tropospheric cyclones over the Arabian Sea and Bay of Bengal and a large 
anticyclone over the Tibetan Plateau further characterize the SASM. The mid-tropospheric 
cyclones have their largest amplitude at 600 mb and are associated with strong precipitation 
rates (as much as 20 cm/day) (Cadet, 1979).  These low-to-mid level cyclones (Figure 4a) 
result from the diabatic heating of the SASM, associated with northward moving solar 
insolation and latent heat release, which causes convergence at low levels in the atmosphere - 
and divergence at upper levels. These wave patterns are further associated with a Rossby 
wave response that extends over North Africa and the Mediterranean to interact with the mid-
latitude westerlies in that region. This interaction causes a subsidence over these regions that 
complete what superficially resembles a Walker Cell that traverses over the SASM region 
(Hoskins and Wang, 2006). This “transverse” circulation was thought to occur through 
heating gradients across longitudes, extending from the Bay of Bengal toward North Africa – 
all comprising the large SASM trough. The SASM region around India is strongly influenced 
by latent heating during the SASM period, whereas sensible (or radiative) heating is present 
over North Africa. The contrast between these heating centers is thought to contribute to the 
transverse circulation during the SASM season (Webster et al., 1998). 
ModelE does reproduce the general patterns of cyclonic circulation that extends over the 
Bay of Bengal, Indian continent and Arabian Sea during the summer monsoon season (Figure 
4b). The model shows stronger cyclonic vorticity patterns over the northwestern portion of 
the Bay of Bengal than is shown in observations. However, these patterns do not extend 
across the Bay of Bengal over Southeast Asia as shown in the observations (although 
ModelE does produce cyclonic vorticity over southern Southeast Asia as per observations). 
The cyclonic patterns also do not extend over northern/northwestern India as shown over 
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Fig 4. JJAS Monsoon Cyclones at 600 mb averaged over 1960-2000 for a) ECMWF reanalysis and b) the atmosphere-only Model E 
forced with observed monthly 20th century SSTs, c) the atmosphere-only Model 3 forced with observed monthly 20th century 











observations, and are confined to the central/southern Indian continent. South Indian Ocean 
patterns are however consistent with observations. Generally, ModelE produces slightly 
strengthened cyclonic features than shown in observations. 
The spatial patterns of mid-level cyclonic motion produced by Model 3 over the Bay of 
Bengal and Arabian Sea are more consistent with observations than those produced by 
ModelE, in which both cyclonic cells appear translated westward (Figure 4c). Consistent 
with observations, Model 3 produces a mid-level cyclone over the Bay of Bengal with a 
maximum to the east of the northern Indian Coast, and east of the Arabian Peninsula, 
northeast of the Horn of Africa. However, Model 3, like ModelE, produces stronger cyclonic 
circulation in these regions than is observed, even more so than ModelE. Similar to ModelE, 
Model 3 also depicts cyclonic rotation over Southeast Asia and the subtropical western 
Pacific Ocean, translated eastward of the observed features and more widespread. Both 
Model 3 and ModelE depict a region of anticyclonic turning in the eastern portion over the 
Bay of Bengal that is not shown in observations. In the western portion of the Indian Ocean, 
both models show cyclonic rotation extending over the African continent, however Model 3 
does not show the cyclonic circulation extending as far equatorward as shown in the 
observations (ModelE is more consistent with observations in this respect). 
AOME displays cyclonic motion at mid-level altitudes in the Bay of Bengal and Arabian 
Sea that are translated equatorward of the ECMWF reanalysis data and the atmosphere-only 
Model E (Figure 4d).  Anticyclonic vorticity patterns are shown over the Indian continent, 
which is not consistent with reanalysis data that shows cyclonic tendency overall of the Bay 
of Bengal, Indian continent and the Arabian Sea. Anticyclonic vorticity is shown over the 
Arabian Peninsula, however, which is consistent with the reanalysis. Cyclonic motion is also 
200
  
produced by the AOME over Southeast Asia, extending toward the northern South China 
Sea, which is also consistent with reanalysis.   
Ultimately the models simulated the cyclonic features, well, with the exception of the 
AOME, which displaces their centers further equatorward. The cyclones are slightly weaker, 
as are the other driving aspects of the SASM, however the rainfall generated by the low 
pressure systems over the maximum areas of rainfall in India is overestimated.  
 
5. AOME Ocean diagnostics: Net Heat Into Ocean and North-South Heat Flux 
Observations from GODAS (Figure 5a) indicate that, in JJAS, the net downward heat 
flux into the ocean over much of the Indian Ocean is negative, although less so toward the 
equatorial and northern portion of the Indian Ocean. Regions of positive downward net heat 
flux into the ocean occur along the boundaries of the continents and the Indian Ocean, as 
well as in the northeast-central portion of the Indian Ocean, south of the Indian peninsula. In 
contrast, AOME (Figure 5b) produces more positive heat flux into the ocean in the northern 
Indian Ocean, especially along the African/Arabian and eastern Indian coastlines. Much of 
the Arabian Sea shows positive heat flux into the Ocean, as well as across the equatorial 
Indian Ocean. AOME does produce negative heat flux into the ocean south of the equator, 
which is more consistent with observations and the seasonal cycle of solar insolation. The 
larger amount of downward heat flux is consistent with the warming at depth of the northern 
Indian Ocean. Typically during the SASM, Eckman-ocean heat transports are responsible for 
exporting heat energy to south of the equator, regulating the warming of northern Indian 
Ocean SSTs and the warming at depth. These processes do not appear to be so strongly 
prevalent in AOME simulations.   
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Fig 5. JJAS Net Heat Flux into the Ocean averaged between 1960 and 2000 for a) the NCEP 
GODAS dataset and b) the coupled Model E 20th century run. The coupled Model E shows 







The north-south ocean heat flux at 54 m produced by AOME shows that a large area of 
the North Indian Ocean is transporting heat equatorward during JJAS (Figure 6), which is 
consistent with the return cross-equatorial cell that forms during the summer. A small region 
of northward-bound heat flux appears off the African, Arabian and East Indian coastlines, all 
regions of seasonal upwelling and strong currents forced by the southwesterly surface wind 
stress. A region a local maximum equator-bound heat transport lies adjacent to a local 






Fig 6. JJAS Meridional (North-South) Ocean Heat Flux at 50 m depth for the coupled Model E 
20th century run, averaged between 1960 and 2000. Much of the Indian Ocean is 
characterized a southward bound ux, although a northward bound heat ux is shown to 











ADDITIONAL RESULTS FOR THE IMPACTS OF CLIMATIC WARMING ON THE SOUTH 






1. The GISS modelE-R AR4 version Sea Surface Temperatures 
 In Chapter 4, Figure 2 adapted from Ihara et al. [2009] showed an increase in Indo-
Pacific sea surface temperatures under B1 scenario conditions, which represented a “moderate” 
emissions scenario compared to the other SRES scenarios. Specifically, the authors noted that 
the eight models shown produced a warming in the eastern tropical Pacific Ocean and in the 
western/northwestern Indian Ocean, leading more IOD-like conditions there. The AR4 version of 
the GISS modelE-R was not included in that analysis, and so is calculated for the same 
simulations and included here (Figure 1). The modelE-R displays results consistent with that of 
the other models shown in Ihara et al. [2009] – it produces the enhanced warming in the eastern 
tropical Pacific relative to the western tropical Pacific and a warming of the west/northwest 
Indian Ocean region.  
2. Evaporative Flux 
The modelE Modern Control simulation shows that much of the JJAS evaporation in the 
tropical Indian Ocean region occurs just south of the Equator (Figure 2). The relatively high 
evaporative flux south of the equator is consistent with observations (not shown), and is 
ultimately partly responsible for the large amount of moisture convergence over the Indian 
continent. The model also shows a local maximum in evaporation in the Bay of Bengal, also 
consistent with observations, but does not show another important maximum over the western 
Arabian Sea.  
The ModIP simulation displays the largest expanse of decreased evaporation over the 
northern Indian Ocean region, particularly in the Bay of Bengal, where the control simulation 
indicated a local maximum (Figure 3a). Evaporation does increase slightly over the northern 
Arabian Sea, but decreases are also prevalent along the western portion of the basin. There are 
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Fig 1. The dierence in the annual mean Indo-Pacic SSTs baed on B1 minus the mean SSTs based on the 20c3m simulation for
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Fig 2. JJAS Evaporation of the Modern Control simulation. The largest evaporative uxes occur south of the equator in the Indian
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Fig 3. JJAS Evaporation anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future IAveraged RCP8.5 simulation. The biggest evaporative decreases are







increases just south of the equator towards this region, however. Decreases are shown over the 
Indian peninsula. Under PlioIP conditions (Figure 3b), decreases are shown again over the Bay 
of Bengal and portions of the north-central Indian Ocean. However increases are depicted over 
the Indian peninsula and to the far west of the Indian Ocean, off the coast of East Africa and the 
Arabian Peninsula. The 2090RCP simulation shows the least reduction in JJAS evaporation over 
the Indian Ocean, actually displaying increases over the western portion of the basin (Figure 3c), 
a prime region for the cross-equatorial winds to acquire the moisture needed to feed the SASM 
rainfall. Decreases in evaporation are shown over the central and southern Indian Peninsula. 
 
2. Meridional Moisture Transport 
The meridional moisture transport (VxQ) is aided by the strength of the cross-equatorial 
winds and is responsible for a large fraction of the moisture over the Indian sub-continent 
during the SASM. The modelE JJAS VxQ shows relative maxima in transport over the coast 
of East Africa and over the northern Bay of Bengal (Figure 4), patterns consistent with 
observations (not shown) although they are weaker.  These maxima also follow the strongest 
meridional windfields present during the SASM.  
 Under ModIP conditions, the strongest decrease in VxQ occurs in the western tropical 
Indian Ocean, off the coast of East Africa (Figure 5a) – a location that normally experiences 
a relative maximum of moisture transport. Smaller decreases are prevalent throughout the 
Indian Ocean basin, while small increases are shown over the Indian Peninsula. The PlioIP 
simulation indicates a strong decrease in VxQ over the Bay of Bengal, another maximum of 
mean JJAS moisture transport (Figure 5b). Smaller decreases are shown towards the western 
portion of the basin, but larger increases are shown over the Indian Peninsula and the 
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Fig 4. JJAS VxQ (meridional moisture transport) of the Modern Control simulation. The largest transports occur along the eastern
coast of Africa, where the cross-equatorial windeld gains strength. Strong westerlies associated with the Somali Jet then move
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Fig 5. JJAS VxQ anomalies (with respect to the Modern Control) shown for a) the Modern IOD/El Padre 
simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. The biggest decreases in moisture 








northern Arabian Sea. The 2090RCP simulation indicates the least decreased VxQ values, 
although some decreases occur towards the western portion of the basin. Increases are shown 
over the Bay of Bengal, however, creating a stronger local maximum in moisture transport 
there (Figure 5c).  
 
3. July-April Relative Humidity  
The magnitude of initial moisture convergence by the SASM can be seen by subtracting the 
regional July Relative Humidity (RH) from that of April’s, prior to the onset of the monsoonal 
convergence. Figure 6 depicts the July-April Relative Humidity for the modelE control run, 
which is consistent with observations (not shown) in that the maximal increase in RH occurs 
over western India, particularly in the northwest region of the continent and over the northern 
Arabian Sea. Another smaller regional maximum in RH is reproduced over the northern Bay of 
Bengal, and nearly all of India is covered by a dramatic increase in RH, due to the advective 
convergence of moisture. ModelE does display decreases in RH off the coast of the Horn of 
Africa, which is not completely consistent with observations that show a slight increase in this 
region. 
 The July-April RH decreases in the ModIP simulation (Figure 7a) over those regions that 
typically undergo the greatest increase prior to the SASM onset. This includes the northern 
Arabian Sea, the Indian sub-continent and the Bay of Bengal. The decreases in moisture build-up 
are particularly prominent over the Arabian Sea, as most of the region experiences large 
decreases from the Modern Control simulation. Low-level atmospheric moisture build-up 
increases over the eastern Indian Ocean and over the Maritime Continent. Increases are also seen 
over East Africa, in the equatorial and southern Indian Ocean and towards the central/eastern 
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Fig 6. Modern Control July-April Relative Humidity. Note the increase of relative humidity 
over the Arabian Sea and the Indian continent, while RH decreases during this period over 
the tropical Indian Ocean
Eq.
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Fig 7. July-April Relative Humidity (850 mb) anomalies (with respect to the Modern Control) shown for a) the Modern IOD
/El Padre simulation, b) the Plioene IOD/El Padre simulation, c) the Future Averaged RCP8.5 simulation. The Pliocene IOD/El Padre 
simulation (b) is the only simulation in which RH increases over the Indian sub-continent, a result that may prove consistent with 







tropical Pacific Ocean. Under PlioIP conditions, the buildup in RH prior to the onset of the 
SASM season undergoes some increases over the Arabian Sea, Indian sub-continent and over the 
Bay of Bengal (Figure 7b). A small region of decreased RH accumulation is present over the 
southwest of the tip of India, while increases in July-April RH build-up are shown across most of 
the equatorial Indian Ocean and south of the equator. The increase July-April RH is also strong 
over southern Southeast Asia and much of the Maritime Continent during the pre-SASM season.  
There is an increase in July-April RH build-up over the northern Indian Ocean, the southern 
Arabian Sea and the Bay of Bengal under 2090RCP conditions (Figure 7c). Regional maxima in 
the RH difference occur just to the east of the Horn of Africa and over much of the southern Bay 
of Bengal/northeastern Indian Ocean. The increases in the July-April RH are also visible over the 
western tropical Pacific Ocean and along the equatorial Pacific Ocean. Decreases in the pre-
monsoonal moisture convergence are seen over the Indian peninsula, however, with a regional 
maximum decrease occurring over the northern Bay of Bengal, in a normally prime rainfall 
region. Smaller decreases prevail over northern India and toward Pakistan and the far northern 
Arabian Sea.   
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